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doors, to change the power transfer 
compensating resistors with high-voltage 
tap changes, and to turn the high speed 
recording milliammeter on and off. Two 
spare relays are provided which will be 
used to control an oscillograph, when it is 
desired to record the current wave shape. 
Indicating lights are provided to show 
which wattmeter tap and which power 
transfer resistor is in use. 

Each indicating instrument is pro- 


vided with two 6-watt 115-volt lamps 


mounted on the case of the instrument. 
A reflector is arranged so that the observer 
cannot see the lights, and so that their 
light is reflected on the dials of the instru- 
ments. 

The high speed recording milliammeter 
is used to record rapidly changing losses, 
such as would occur during a thunder- 
storm. 

The glass used in the sliding doors in 
front of the instrument house has a 
conducting film on the inside surface. 
The glass, is insulated from the metal 
frame. The resistance of each pane of 
glass is about 200 ohms. These doors 
serve a double purpose. Normally they 
serve to complete the electrostatic shield 
around the meters. In event that frost 
or moisture collects on the doors, then 
voltage can be applied, and the resulting 
heat will dissipate it. 

Being able to eliminate or reverse the 
voltage across the compensation imped- 


ances Zy’ and Z,’ enables the operator 
to determine the correction voltages which 
they insert in the circuit. 

_ The meters are protected so that abnor- 
mal conditions will not damage them. A 
time delay relay is used so that when the 
line is energized the surge current will 
not pass through the meters. The cir- 
cuit is opened to both the current coils 
and voltage coils of the wattmeters, and 
current coils are shunted, when the line is 
energized. The time delay relay has 
been set at about 40 seconds. This 
allows time for the individual power sup- 
ply of the wattmeters and for the Photo- 
troller to warm up. 

If a lightning surge voltage passes 
through the high-voltage winding a por- 
tion of the voltage will appear across the 
metering winding. Surge voltage pro- 
tection for the meters is provided by a 
small lightning arrester. 


Conclusions 


The authors have described a method 
of measuring corona loss. The method 
presented is apparently the most flexible 
and most accurate method which hereto- 
fore has been used. When properly ad- 
justed this method should give accurate 
readings at extremely low power factors. 
Provision is made to measure corona loss, 
associated radio influence, and atmos- 
pheric conditions. 
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Transmission of Electric Power 
at Extra High Voltages 


PHILIP SPORN 


FELLOW AIEE 


UCH INTEREST is being shown in 
the high-voltage investigation %proj- 
ect now being carried out on the Ameri- 
can Gas and Electric Company system 
near the Tidd station of The Ohio Power 
Company, at Brilliant, Ohio.:- “This 


symposium has been arranged to present. 


the thinking that led to it and the pro- 
gram itself, so that as the results of the 
investigation become available they can 
be interpreted intelligently by all those 
interested, and also the extent of comple- 
tion of original objectives determined. 

The first logical question is: Why any 
tests? Other questions are: What tests 
are contemplated, and how are they to be 
conducted? What are the design charac- 
teristics of the equipment to be tested and 
of the equipment used for carrying out the 
testing program? 

This paper will attempt to answer the 
first question; the others will be dis- 
cussed in companion papers. 1-8 


Reason for Investigation 


Past experience in the development of 
power systems and their concomitant 
transmission lines and analytical examina- 
tion of the economic considerations of the 
transmission of increasingly larger blocks 
of power indicate the desirability in some 
cases of going to higker voltages than 
have been used heretofore. . However, 
the cost of building a transmission sys- 
tem—line and its related terminal equip- 
ment—increases rapidly with increasing 
voltage. The use of increased voltages 
requires effectively larger conductors, 
larger towers, higher insulation levels, and 
more expensive terminal equipment. 


With these costs increasing very rapidly 
with higher voltage, it becomes increas- 


ingly important to design the system so 


A. C. MONTEITH 


FELLOW AIEE 


that the maximum use is made of the 
capabilities of the equipment. This is 
another way of saying that as voltage in- 
creases it becomes more than ever neces- 
sary to design for the very minimum 
proper margins of safety. But before 
this can be done for extra high voltages— 
before systems can be designed with close 


‘margins, yet without sacrificing the re- 


quirements of reliability—engineers need 
more information than is now available. 
The projection of higher voltage trans- 
mission is not only beginning to be a 
pressing problem in planning of electric 
power systems, but the problem is be- 
ginning to assume more or less universal 
proportions. The United States, and asa 
matter of fact all the cotntries of the 
world possessing or aiming to develop in- 
dustrial potential, is witnessing the 
greatest expansion in the use of electricity 
that ever has taken place, and, if present 
predictions materialize, this expansion 
will continue for some time. This, of 
necessity, involves expansion of trans- 
mission facilities. The justification for 
transmission and the distances involved 
vary in different sections of the United 
States and in the different countries. It 
is, however, quite apparent that in some 
localities, where fuel is scarce and remote 
undeveloped hydro energy plentiful, long- 
distance transmission will be used. Also, 
it is quite apparent that there are systems 
in the United States where transfer of 
much larger blocks of power than any 
heretofore involved will be required, both 
for base load and for co-ordination of large 
integrated systems and for interchange 
between them and contiguous systems. 


In the United States a transmission 


system of 287 kv rated, 302 kv maximum, 
is in use and there has been some discus- 
sion of the use of a transmission voltage of 


1 


~ continuous 


approximately 345 kv rated, 362 kv 
maximum. On the American Gas and 
Electric Central System, the need for 
higher voltage transmission facilities than 
the existing 132-kv backbone transmis- 
sion has been accelerated by the un- 
precedented war and postwar growth in 
load. The French have built some doukle- 
circuit 220-kv lines, which may be con- 
verted later to a single circuit with bundle 
conductor to operate at approximately 
385 kv. China has discussed the use of 
345-kv transmission and Sweden now is 
considering a nominal 350-kv, maximum 
operating voltage 380-kv 
development to transmit power from 
their abundant water supply to their in- 
dustrial center some 600 miles away. 
With this pressing interest in high-voltage 
transmission, it is logical to review its 
status and see what factors need further 
study to secure the most economical line 
design in the light of present-day knowl- 
edge and practice. All this has prompted 
a close study of this field, and this has 
resulted in the investigation program 
being carried out at the Tidd station of 
the American Gas and Electric Company. 

Numerous factors have to be evaluated 
before reaching a decision to use a par- 
ticular high voltage and before the details 
of the design that will be used can be 
fixed. The selection usually involves a 
study of anticipated loading conditions 
for the degree of reliability necessary for 
the project. From a consideration of 
load, distance, reliability desired, and 


_ other influencing factors, the voltage level, 


number of circuits, and circuit arrange- 
ment can be determined. All of these 
will affect the economics of the project, 
but the one single factor that perhaps 
will affect the economics to the greatest 
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Figure 1. Insulation 
levels for _ trans- 
mission lines 
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Points on curves are typical lines: 


4—City of Los Angeles Department of Water 
and Power, Boulder Dam—Los Angeles 
9—Pennsylvania Water and Power Company, 
| Safe Harbor—Washington 
3—Pennsylvania Power and Light Company, 
Wallenpaupack-Siegtried; 14 to 16 insulators 
averaged at 15 
4—Pacific Gas and Electric Company, Tiger 
Creek-Newark 
5—Pennsylvania Water and Power Company, 
Safe Harbor—Perryville; Ohio Power Com- 
pany, Lima—Fostoria 
6—Union Electric Company of Missouri, 
Osage-Cahokia; Ohio Power Company, 
Philo—Canton 
7—Ohio Power Company, Lima—Fort Wayne 
8—Northern Indiana Public Service Company, 
Michigan City—State Line 


degree is the insulation level adopted for 
terminal equipment and the insulation 
level and spacing for the line. These 
levels naturally will be influenced by the 
type of grounding adopted for the system. 
It has been the practice in some cases on 
lower voltage systems to operate lines 
with ground fault neutralizers. It is the 
opinion of the authors, however, that in 
the case of extra high voltage transmis- 
sion, above 230 kv, the lines ought to be 
grounded permanently and solidly at all 
transformation points, which will permit 
the use of treduced-voltage arresters. 
Coupled with the use of interrupting de- 
vices, which will open the circuit with not 
more than a single restrike, this solid 
grounding of the system will limit the 
magnitude of voltage in switching tran- 
sients to which line and equipment will be 
subjected, and will permit the use of 
insulation of a lower level than that 
thought possible in any previous con- 
sideration of the problem. 

Of the many factors influencing the de- 
sign of a high-voltage line, some are well 
understood and others require more in- 
vestigation. Reliable information is 
available on lightning surges, switching 
surges, and line reactance and capact- 
tance, but insulation levels, as pointed out 


before, need to be considered thoroughly. 
Much information is needed on corona 
and radio influence, and how they are 
affected by size and type of conductor, 
spacing and height of ground wire, and 
atmospheric conditions. It seems appro- 
priate, in this introductory paper to this 
symposium, to review briefly the known 
factors in line design and by the process 
of elimination develop in a little greater 
detail the significance of the elaborate set 
of tests now in progress. The complete 
description of the test setup and tests will 
be discussed in the campanion papers. 
The following is, therefore, a discussion of 
the significant factors, their economic 
significance, and a summary of where ad- 
ditional information is required for use 
in future designs of extra high voltage 
transmission lines to secure a well bal- 
anced design with all factors engineered to 
the best of our ability. 

To make some specific comparisons for 
extra high voltages, three voltage levels 
are used, namely, 345, 402, and 460 kv. 
Table I gives typical insulation character- 
istics of higher voltage steel tower lines 
used in the United States. Table IT gives 
comparative insulator characteristics for 
various lines over the range of extra high 
voltage transmission. Figure 1 indicates 
that average insulation levels have in- 
creased approximately in proportion to 
the voltage rating. The straight line 
representing the most common insulation 
levels has been extended in Figure 1 to 
indicate the levels that result if the prac- 


Table I. 


tice of proportionate increase in insulation 
levels were continued. This is too con- 
servative in the light of present-day 
knowledge. 


Lightning Performance 


For the voltage classes so far used in the 
United States, lightning protection has 
been the primary consideration in the 
choice of transmission line insulation 
levels However, sufficient knowledge 
and experience with lightning and light- 
ning protection now has been gained to 
show that there is a definite upper limit of 
insulation required for lightning protec- 
tion, which already has been exceeded by 
numerous higher voltage lines in use 
today. Normal steel construction with 
spans of the order of 1,000 feet or less and 
effective tower-footing resistances of 20 
ohms or less should experience sub- 
stantially no flashovers from direct 
strokes when the phase wires are shielded 
by overhead ground wires and the equiva- 
lent of 16 or more standard suspension 
insulators are used. In Figure 2 are shown 
calculated curves giving the maximum 
voltages which the most severe stroke to 
the ground wires can induce on a phase 
conductor for the standard types of con- 
struction listed in Tables I and II. As 
shown by this figure, some benefit in re- 
ducing the magnitude of the phase con- 
ductor voltages is obtained by increasing’ 
the dimensions of the transmission line. 
This is due to the decrease in coupling 
factor that is obtained thereby. 

However, the principal source for the 
higher surge voltages that can appear at 
the terminals of a highly insulated line is 
thought to be strokes that actually con- 
tact the phase wires through lack of com- 
plete shielding. Both theoretical con- 
siderations and model studies show that, 
although the frequency of direct strokes to 
phase conductors can be made quite small 
at shielding angles of 25 to 30 degrees, it 
cannot be eliminated entirely with only 
one or two overhead ground wires. The 
model studies’ indicate that with a shield- 
ing angle of 25 degrees on a conventional 
2-ground-wire 230-kv steel line about one 


Comparative Insulation Characteristics of Steel Tower Transmission Lines in the 


United States 


'. Minimum Impulse 60-Cycle Dry Times Normal 
Kv Number of — - Level, Kv, Flashover, Line-to-Ground 
Class Insulators* 11/2 x 40 Wave* Kv RMS* Operating Voltage* 
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Most common construction is figure following parentheses. 


Table Il. 


Comparative Insulation Characteristics of Various Transmission Line Construction 


Considered in This Paper for Transmission at Extra High Voltages 
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60-Cycle Dry Flashover in Kv RMS** 


Times Normal Line-to-Ground 


No. of Minimum : 
Standard Impulse _ Operating Voltage, 
Insulators Actual Equivalent Level, Kv Actual 345 Kv 400 Kv 460 Kv 
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All single-circuit flat steel constructions with 1,000 foot spans. 


*For certain tower construction and types of conductor, these spacings might be as high as 33 and 37 feet’ 


respectively. 


** Wet values will be approximately 70 per cent of these ratios. 


out of every 900 strokes might contact a 
phase conductor. The rate of decrease 
with decreasing shielding angle below 25 
degrees is quitelow. 

Further verification of the foregoing 
viewpoint is provided by actual experience 
on several of the higher voltage lines. 
Excellent data of this type are provided 
by the detailed studies of the Pennsyl- 
vania Water and Power Company in 
which records of all strokes to their lines 
are being obtained with magnetic surge 
crest ammeter links correlated with a 
careful inspection program. On the 220- 
kv lines three flashovers have occurred, 
two from lack of shielding and one at a 
tower having a tower-footing resistance 
of about 60 ohms. The data on the 230- 
kv lines show that even with two overhead 
ground wires providing a shielding angle 
of 20 to 25 degrees, about one stroke in 
700 mile-years of operation may be ex- 
pected to contact a phase wire directly. 
The average stroke density of these lines 
which lies in isokeraunic levels ranging 
from 25 to 40 storm days per year, has 
been found to be about 100 strokes per 
100 miles per year. This indicates that 
about one out of every 700 direct strokes 
will contact a phase conductor which 
agrees quite well with the model tests. 

Calculations have been made of the 
probability of a given crest surge voltage 
appearing at a substation connected to 
well-constructed high-voltage lines with 
Various amounts of line insulation. These 
are based upon our present knowledge of 
the magnitude and wave shape of light- 
ning stroke current and the assumption of 
100 strokes per 100 miles of line per year. 
They take into account voltages that 
might be induced by indirect strokes, by 
strokes contacting the ground wire, and 
2 a that contact a phase conduc- 

: ese are summarized in Figure 3 


Where a comparison is made with the 


suggested basic impulse levels for 
terminal equipment. As shown by these 


curves, the “lines with higher insulation 
have a greater number of the higher 
magnitude surges that lie in the range of 
the insulation levels of the transformers 
being considered. This merely confirms 
the well known fact that from the stand- 
point of terminal equipment it is desirable 
to use as low an insulation level for the line 
as practicable. However, a study of the 
data in Figure 3 can be of help in rational- 
izing our ideas of insulation co-ordination 
at higher voltages and’ in reorienting our 
appraisal of the necessary basic insulation 
levels for such higher voltages. 


Insulation Co-ordination 


It is of interest to consider the proba- 
bility of experiencing a surge in the sta- 
tion in excess of the strength of the 
apparatus. The vertical lines plotted in 
Figure 3 are suggested basic impulse 
levels for the indicated operating voltages. 
These are somewhat different from values 
that would be derived from the present 
standards, which are 


Operating Voltage, Ky Basic Impulse Level, Kv 


DSU erent erie ee eiie 1,050 
DSi Reheele Stks Es ee 1,300 
VEO ee nies inky aahe aoe ode es 1,550 


The present standard basic impulse 
levels are based on system operation with 


a fully rated lightning arrester. A large 


number of high-voltage solidly grounded 
systems are in successful operation with 
equipment insulation levels one step be- 
low standard values. If the extra-high- 
voltage range is approached on the basis 
of soliding grounding and the practice of 
using a reduced voltage rating lightning 
arrester is followed, then, considering the 


higher impulse value of equipment dealt 


with, the successful practice of one lower 
class insulation is not only sound practice 
but may be improved upon by further 
lowering of insulation. This seems en- 


3 


tirely practicable for several reasons. By 
reliance on the solid grounding of the 
system’s transformation point and con- 
trolling the voltage, it is believed prac- | 
ticable to use a lightning arrester having a 
rating of about 75 per cent of normal 
voltage rating. Also, there do not appear . 
to be any difficulties from an economic 
standpoint to shield adequately the line 
immediately adjacent to the substation so 
that there is practically no probability of 
ever getting in excess of 5,000 amperes 
through the lightning arrester. Again, it 
appears that it will be possible, without 
appreciably affecting the over-all eco- 
nomics, to resort to the use of diverter 
wires for a short distance from the 
terminals to give 100 per cent shielding in 
this zone. Thus, on this basis, arrester 
and gap characteristics as indicated in 
Figure 4 seem to be entirely possible and 
this would suggest a series of basic 1m- 
pulse levels for this extra-high-voltage 
equipment as shown. ‘The basic impulse 
levels plotted in Figure 4 are 


Operating Voltage, Kv Basic Impulse Level, Kv 
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These are also the values shown by the 
vertical line in Figure 3. 

The authors merely are using these for 
discussion purposes but they believe that 
the basic impulse level values ulti- 
mately selected can be of this order. The 
final selection of values, including the 
selection of. the proper steps (involving 
possibly the elimination of some of the 
present steps and the addition of other 
steps), after thorough discussion of all the 
facts available and the phenomena in- 
volved, undoubtedly can be handled best 
by committees representative of the elec- 
tricalindustry. Such committees are now 


in existence. 
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Figure 2. Maximum conductor potential for 
lightning stroke to ground wire 
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Switching Surges 


It is of interest to consider the insula- 
tion necessary from a switching surge 
point of view. Modern high voltage 
breakers are designed to have not more 
than one restrike. For this switching 
operation, the maximum line-to-ground 
switching surge voltage that should ap- 
pear at the substation is of the order of 
3.0 times normal line-to-ground operating 
voltage on a solidly grounded system.*” 
Only the condition of solid grounding is 
considered, since it is believed that such 
high-voltage systems normally will be 
grounded. Table II shows that 24 in- 
sulators for operating voltages up to 460 
kv provide a minimum 60-cycle dry flash- 
over ratio of 5.1 or a wet flashover ratio 
of 3.6, which is considered adequate for 
these switching conditions. 

Thus, as far as lightning and switching 
surges are controlling factors, the sug- 
gested insulation level curve of Figure 1, 
indicating 20 insulators for 345 kv and 24 
insulators for 460 kv, is ample. If these 
are the final controlling factors, the sav- 
ings that can be made using the modified 
curve rather than a straight line extra- 
polation of present practice are so great 
that a major investigation effort is justi- 
fied before they are given up. 


Effect of Line Construction on 
Transmission Line Impedance 


Shorter insulation strings make possible 
smaller line spacing, the spacings have, 
in turn, the beneficial effect of reducing 
line capacitive and inductive reactance. 

Calculations have been made of the 
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Figure 3 (left). Prob- 

ability of lightning 

surge at substation for 

different line insulation 
levels 


Broken lines suggested 
basic impulse levels for 
terminal equipment for 
different rated voltages 


IMPULSE VOLTAGE 


relative amounts of power that could be 
transmitted over a 200-mile line making 
the arbitrary assumption that stability 
considerations limit the line reactance 
angle to 30 degrees. The results of these 
calculations are presented in Table III. 
A rather arbitrary conductor size was 
chosen with two levels of insulation, the 
one level of insulation taken from the 
suggested curve of Figure 1 and the other 
resulting from a straight line extrapola- 
tion of the low-voltage data plotted in 
Figure 1. This table shows that the in- 
creased power limit and charging kilo- 
volt-amperes obtained with the smaller 
spacing is appreciable. Bundle conduc- 
tors may offer even greater savings as a 
result of decrease in line capacitive and 
inductive reactances. 


Corona 


The disruptive corona voltage and the 
corona power loss are very much affected 
by size of conductor and spacing. The 
greater the insulation level of the line and 
the larger the spacing between conduc- 
tors, the higher will be the disruptive 
corona voltage and the lower the corona 
power loss. As far as lightning and switch- 
ing surges are concerned, 16 insulators 
with normal spacing for 345 kv would 
appear adequate. However, an ab- 
normal conductor size might have to be 
used or else the corona loss would be too 
high. This may be the factor that would 
set the lower limit on the dimensions of 
an extra-high-voltage transmission line. 


- Since this factor has considerable effect on 


the cost of building a line, it deserves 
critical study. 


OPERATING VOLTAGE 


Figure 4. Comparison of suggested basic 
impulse levels with lightning arrester charac- 
teristics is based on a lightning arrester for 75 
per cent of maximum operating voltage, 
which voltage is 105 per cent of rated voltage 


Arrester gap characteristics are plotted for 

front of wave on basis of 100 ky per micro- 

second per 12 ky of arrester rating. The 

11/2 x 40 arrester gap curve is critical im- 
pulse spark-over voltage 


A review of some of the published in- 
formation!" indicates good data on 
corona losses at the higher corona levels 
for fair-weather conditions and for the 
effect of surface conditions, but does not 
include the effect of ground wires, in- 
sulator losses, and tower effects. <A 
typical corona loss curve for a given con- 
ductor and tower configuration calculated 
from the existing formula is plotted in 
Figure 5. It is known that change of 
conductor size, configuration, and surface 
conditions will shift this curve up or down 
the voltage scale. The practical problem, 
therefore, is to design the line so that it 
will work on the flat part of the loss curve 
for much of the operating time. In the 
past, it has been the practice to design for 
a fair-weather corona loss of from one- 
half to one kilowatt per mile. This may 
be satisfactory for low-voltage lines, but 
it would appear economical to allow 
higher loss on the higher voltage lines if 
the increased corona did not produce ex- 
cessive radio influence. 

Before designing for higher fair-weather 
corona loss, it appears desirable to secure 
better data on corona losses under actual 
line conditions and for changing weather 
conditions. A few tests show that corona 


losses may increase under rain conditions 


Table Ill. Economic Benefits of Lower Line Insulation on Reducing Line Reactance and Increasing Line Capacitance on a 200-Mile Circuit 


Reactive Per Cent 
Yl, Power Power Xi Economic Benefits 
Ohms Dr ers Delivered, Delivered, Reduc- — 
Operating Insulator Spacing, Per Mi, Ohms Megohms Mega- Megavolt- tion Reduced Increased Reduced 
Voltages, Kv Units Ft 25.C Per Mi Per Mi watts amperes Load Base’  Reactance # Reactive t Line Cost 
345 Kv 
(1.61-in. con- fe) aust chee Boao OC O SSL 5: a OE (O0e arse ou OL SUB ania es DOG! So kan rere sigs ORB O ns seuss $48,000....... S1L0;000 2 aes $480,000 
GUCLOU) =. bo Seek 7 EN ers ate Pacgatee 2 0, 08387. .23. Op SOL OL FO40) Oca BIO. oo. 47.2 
400 
(2.035-in. con- fe ie en 5 ee eR eee O.057T sc Oloors Veet AU dba ae aes 2 DG le arate rae EAM OA ee cen $130;000...5.5.<% $2 1-000... <2 i: $880,000 
MUCCOD) Ao bess ise ye ten ae BOS tas TOO COT Uys Oars OU. Oe bo ree sar. 5 8s ee aan 46.6 
460 
(2.5-in. con- te SH me ST aioe ae ORDA ited ol le COU as coe Oy LO eee Sista as WO Doe cia ax, aad aca dee Leterme cece $129;5000. fo 3. $18;000....0. 65 $940,000 
MILCLOL)) eos <caleee' SOB oa. sate BOS ne ON aie es ee OO. FOG6C. aces, OF IS4 hee ses COL ss tice 52.9 


*Estimated value. +Based on 30-degree angle with Es=1.05 Er. 


ampere of increased reactive kilovolt-amperes available at receiving end. 


to many times the fair-weather losses. 
Also, the effect of fog, humidity, and 
many other influencing conditions may 
effect the allowable corona loss materially. 
With better data available on these con- 
ditions, there will exist more scientific cri- 
teria for the design of a line than the fair- 
weather corona loss now used. 

The bundle conductor presents ad- 
vantages, as far as inductive and capaci- 
tive®reactance and corona loss ,are con- 
cerned, but it not only presents new 
mechanical problems but economic ques- 
tions also. It seems desirable, therefore, 
to secure more data on this type of con- 
ducfor to see if it will contribute to a more 
economical high-voltage system. 

Radio influence needs further study. 
Experience with some high-voltage lines 
has disclosed some objectionable inter- 
ference, although these lines were de- 
signed to operate at relatively low corona 
loss level. 

Before adopting the practice of de- 


“creasing conductor spacings or conductor 


size to allow higher corona losses, it seems 
desirable to secure better data on several 


THREE PHASE LOSS IN KW PER MILE 


320 360 400 440 480 
LINE VOLTAGE IN KV RMS 


conductor sizes and spacings under actual 
service conditions, particularly under 
seasonal weather variations. It was be- 
lieved, therefore, that tests should be 
made employing integrating instruments 
giving high-speed continuous recordings 
of these data under all weather conditions 
and involving all of the factors with a 
carefully co-ordinated study of the radio 
influence problem. 7 


Effect of Line Insulation and 
Spacing on Corona Loss 


To obtain a basis for discussing the 
corona loss performance of the various 
line constructions being considered here, 
fair-weathered corona loss calculations 
have been made using Peterson’s formula. 
These are based upon the assumption of a 
smooth conductor, an altitude of 1,000 
feet, a temperature of 25 degrees centi- 
grade, and a surface factor of 0.9, which 
factor was found by Peterson to be ap- 
plicable to general operating conditions 
for type HH cable at 220 to 287 kv. 
Figure 6 shows the calculated 3-phase 


Figure 5 (left). Typical fair- 

weather corona loss curve | 

For 1.4-inch type HH con- 

ductor, 30-foot flat spacing, 

surface factor 0.9, air density 
factor 1.0 
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#Saving on terminal equipment due to reduced reactance. {Based on $8.00 per kilovolt- 


corona power loss per mile for the three 
voltage levels considered. 

The curves of Figure 6 indicate that if 
the required conductor diameter were 
chosen from the standpoint of equal power 
loss for the different lengths of insulator 
strings at a given operating voltage, the 
range of conductor diameter would be 
considerable. For example, an operating 
voltage: of 345 kv, limiting the corona loss 
to 0.65 kilowatt per mile, would require 
about a 1.75-inch diameter conductor for 
a line with 20 insulators, a 1.6-inch 
diameter conductor for a line with 24 
insulators, and only a 1.45-inch diameter 
conductor for a line with 30 insulators. 
If, however, a 1.5-inch diameter conduc- 
tor were used for all three line designs, 
the range of power loss would be 0.6 to 
0.9 kilowatt per mile. A study of the 


Figure 6. Fair-weather corona loss, calcu- 

lated from Peterson’s formula, as a function of 

conductor size, insulation level, and operating 
voltage 


Smooth round conductors, surface factor 0.9, 


altitude 1,000 feet, temperature 25 degrees 


centigrade.. Line construction: 


No. of Insulators Horizontal Spacing, Ft 
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Table IV. Annual Charges for 100 Miles of: 
345-Ky Line Having 20 Insulators and 1.75- 


Inch Diameter Conductor 


Load in Megawatts 


100 200 400 
SA PIE Ol eee anes ae $450,000. .$450,000..$ 450,000 
Copper loss...... 67,000.. 259,000.. 1,033,000 
Corona 1osss. 6... 13:000:;3:"-23,000%:. 13,000 
Total caer $530,000. . $722,000. . $1,496,000 
Annual cost per 
MWe en ras ete at $5,007. -o..0l ce. $3 . 74 


curves of the three voltage levels covered 
in Figure 6 indicates that it probably 
would be impractical to limit the power 
loss to a constant value independent of 
operating voltage, if a level as low as 0.5 
or 0.6 kilowatt per mile is desired since 
this would call for an extremely large and, 
therefore, impractical conductor spacing. 

The curves of Figure 6 cover the most 
probable satisfactory range of line in- 
sulation that would be suitable for each 
operating voltage. Briefly summarized, 
these indicate that with present knowl- 
edge, satisfactory operation should be 
obtained with operating voltages up to 
400 kv with transmission line insulation 
corresponding to 20 insulators. At 460 
kv, the minimum number of insulators 
ptobably would be 24. A more accurate 
determination of the best combination of 
line construction and conductor diameter 
requires an economic study of the cost of 
the various combinations, taking into 
account loss evaluation, but no final con- 
clusions can be drawn until more is known 
about corona and radio influence. The 
decision on this point alone might affect 
the cost of extra-high-voltage transmuis- 


gion very appreciably and justifies more 
tests to give the line designers better data. 


Economic Comparison of Line 
Construction for an Operating 
Voltage of 345 Kv 


A simple economic review has been 
made to co-ordinate the foregoing dis- 
cussions, taking into account the effect of 
insulation levels on operating perform- 
ance. The cost of a line varies so with 
local conditions that it is hard to gen- 
eralize, but for this purpose $45,000 per 
mile was used as the cost of a 345-kv line 
employing 20 insulator units and a 1.75- 
inch conductor. Using this figure as 
basic capital cost, annual charges have 
been calculated. Interest, depreciation 
maintenance, and taxes were evaluated 
at ten per cent* and both corona and 
copper losses were evaluated at $100 per 


kilowatt. Table IV gives the results of a 


calculation for one condition. . These 
figures emphasize the fact that corona 
loss, determined on present information 
and design practice, is a small factor in 
the over-all operating cost of a high- 
voltage line. If sufficient data are avail- 
able on corona loss under all conditions, a 
closer design would be permissible with a 
possible large saving in the high-voltage 
system. 

Rough estimates show about ten per 
cent increase in capital cost for building a 
line with increased spacing from 33 feet to 
A2 feet and about 25 per cent increase in 
cost for increase in conductor size from 
1.558 inches to 1.901 inches for a given 
spacing. Thus, if better data will allow a 
smaller conductor diameter or smaller 
spacing, or both, capital cost can be de- 


creased by a sizeable factor. 


Table V shows the effect of increased 
spacing on corona loss for a given con- 
ductor and also decreased corona loss for 
increased conductor size for a given spac- 
ing and line insulation. These com- 
parisons are based on present fair-weather 
corona loss data and indicate a real need 
for better data on corona loss and asso- 
ciated radio influence for the many vary- 
ing conditions, so that the maximum capa- 
bilities of all equipment may be utilized 
to secure the most economical system. 


Conclusions 


The indicated need for developing 
higher voltage transmission and the fact 
that costs increase very rapidly with in- 
creased voltage make it increasingly im- 
portant to evaluate carefully and pre- 
cisely all engineering factors entering into 
the design of higher voltage transmission 
systems. This necessitates having precise 
and reliable data on the characteristics 
and performance of materials and equip- 
ment constituting transmission systems. 


The two factors that influence design, 
and, therefore, costs of extra-high- 
voltage transmission lines and systems, 
are corona and basic impulse level, and 
the two are interrelated. There is good 
engineering reason for the belief that 
materially lower insulation levels than 
any heretofore attempted on extra-high- 
voltage transmission can be used suc- 
cessfully in the future, if all the unknown 
engineering questions that this raises can 
be answered. A specific series of such 
levels is presented in the paper. 


*In this text ten per cent has been used as a com- 
posite rate for interest, depreciation, maintenance, 
and taxes for comparative purposes only. This 
figure should not be considered as the authors’ 
opinion of a complete representation of all the cost 
elements entering into a rate structure. 


Table V. Corona Loss Data 


Estimated Effective Corona Loss, 
Kw Per Mile* 


20 Insu- 24 Insu- 30 Insu- 


lators, lators, lators, 
Conductor 33-Ft 37-Ft 42-Ft 
Size, In. Spacing Spacing’ Spacing 
LGD Si ask LEG Ole ies WSS: 53 tat £312 
LOL Geir en IG 46. eras EBS ere te cote 1.06 
jeer (15 0 Te ei ere a Le 28a ed Orr. Meek 0.92 
OOO. Avera 1.14 .0.98 0.80 


*Assuming average annual loss is twice the fair- 
weather loss. 


Of the questions that need to be an- 
swered, fairly good engineering data are 
now available on lightning and switching 
surges, insulation co-ordination, and the 
effects of line spacing on reactance and 
capacitance. But line spacing also af- 
fects corona. Some data are available on 
corona and radio influence, particularly on 
fair-weather corona losses for horizontal 
configuration on single conductor per 
phase and on how the surface affects 
these losses. There is need for corona loss 
and radio influence data showing the 
effect of ground wires on various com- 
binations with single conductors and the 
effect of rain, fog, clouds, and other 
natural elements that make up the yearly 
weather conditions in a given location. 
Also, bundle conductors offer some ad- 
vantages that need be investigated care- 
fully to make possible proper weighing of 
advantages versus disadvantages. Such 
data would allow a closer estimate of 
corona losses so that they could be con- 
sidered on an average loading basis, the 
same as other variable losses. All of this 
should lead to more precise design and the 
development of transmission systems 
operating at extra high voltages that 
would yield the maximum economies pos- 
sible by higher voltage use. 

The investigation and test program now 
in progress at the Tidd plant of the Ohio 
Power Company is planned to obtain the 
necessary data to answer these and other 
pertinent questions that need be an- 
swered to make possible the economic de- 


sign of extra-high voltage transmission 


systems. 
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Tc. principal factors that must be 
considered in the transmission of 


large blocks of power by alternating cur-- 


tent over great distances have been 
pointed out in a companion paper by 
Sporn and Monteith. The paucity of 
corona loss and radio interference data re- 
quires further information on this subject 
before intelligent contemplation of trans- 
mission at extra high voltages can be 
undertaken. To obtain such data the 
American Gas and Electric Service Cor- 
poration with the co-operation of a num- 
ber of manufacturing companies has 
constructed two 1!/,-mile transmission 
lines at the Tidd power plant located at 
Brilliant, Ohio. These lines can be 
energized in small increments of voltage 
from 260 to 500 kv. In addition to 
corona characteristics, performance of 
transformer insulation, bushings, insu- 
lators, lightning arresters, conductors, and 
other apparatus under sustained high 
voltage also will be determined. 

This paper will review the present 
knowledge of corona, describe the general 
layout of the test setup, and discuss the 
scope and some of the objectives of the 
tests. It will describe in detail the towers 
and considerations which determine their 
design. Companion papers will discuss 
the transformers‘ that energize the line, 
the insulators,” the conductors,’ the light- 
ning arresters,? switchgear equipment,° 
and the means for measuring corona loss.° 

The first important experimental work 
on corona was done about 1898 by Doctor 
C. F. Scott at Pittsburgh, Pa., and was 
continued on the Telluride lines in Colo- 


rado. Subsequent observations were 
made among others by Converse, Mer- 
shon, Ryan, Peek, Whitehead, and Fac- 
ciole. Peek developed and _ presented 
empirical formulas that for years were re- 
garded as the best information available. 
Subsequently the Ryan Laboratory at 
Stanford University and other Pacific 
Coast investigators attacked the problem 
and provided much useful data. Loss 
measurements were made with stranded 
copper conductors ranging in diameter 
from 0.91 to 1.49 inches, stranded alumi- 
num conductors with diameters from 1 
to 2 inches, and smooth segmental con- 
ductors with diameters of 1.1, 1.4, and 
1.65 inches. Some single-phase configura- 
tions were studied but most tests were 
made with a flat 3-phase configuration 
and spacings between conductors ranging 
between 22 and 30 feet. Practically all of 
the tests were made in fair weather. The 
principal emphasis of these studies was on 
the effect of various types of conductors 
and variations of surface conditions. 
Due to die grease and the burrs incident 
to manufacture and stringing, new con- 
ductors have higher corona losses than 
those that have been in service several 
months. A proper washing technique 
can eliminate this initial high corona. 
Three formulas are available today to 
compute corona loss. These are 
1. Peek.’ 
2, Peterson? 
3. Carrolland Rockwell.® 
The degree to which these formulas agree 
with test results for a specific case in fair 
weather is shown in Figure 1. Trans- 


8 


mission lines today are built so that the 
loss under fair-weather conditions 1s 
usually below 0.5 to 1 kilowatt per mule. 
These curves show, therefore, that the 
Peek formula in the region in which line 
designers are most concerned does not 
agree with tests, whereas the other two 
methods indicate remarkable checks. 

The transmission projects at voltages 
in excess of 287 kv are sufficiently impor- 
tant to justify experimental data on a 
range of conductor sizes that eventually 
will be used. The proposed tests are 
intended to project information into the 
realm of the higher voltages for some cur- 
rently available conductors and for some 
special conductors designed for extra high 
voltages. Little information is available 
concerning the proximity effects of ground 
wires and towers as practically all the 
previous tests were made without ground 
wires and without conventional towers. 
Further information also is required con- 
cerning radio influence resulting from cor- 
ona as affected by weathering of conduc* 
tors and atmospheric conditions such as 
snow, tain, and ground gradients upon 
corona. The present state of the art and 
the necessity for further information con- 
cerning these factors now will be dis- 
cussed. 


Corona 


Projection of transmission voltages 
into the realm up to 500 kv necessarily re- 
quires conductors, of the single-conductor 
type, having diameters of the order of 
1.65 or 2 inches. Tests will be made on 
both segmental and stranded conductors. 
Previous tests have indicated that the 
losses of the segmental type for a given 
diameter, as reflected in the low roughness 
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or surface factor, are lower than the 
stranded conductor in fair weather con- 
ditions. Further investigations are 
needed to determine the relative as well as 
the absolute merits of segmental and 
stranded conductors in rain or snow. 

The Germans have done extensive 
work on so-called ‘‘bundle conductors.’’! 
Conversation of one of the authors with 
the chief engineer of the Rheinisch- 
Westfalische Elektrizitats Werke elicited 
the information that they had made the 
decision to use this type of conductor in 
converting some of their 220-kv lines to 
380 kv. This conductor consists of sev- 
eral wires, of smaller diameter than would 
be necessary if a single conductot were 
used, held in position by spacers. The 
conductors “nay consist of a bundle of 
two, three, or four individual wires sepa- 
rated at distances of the order of one or 
two feet. Aside from reducing the corona 
losses, this composite conductor also re- 
duces the inductive reactance of the line 
and thus increases the system stability. 
It is contemplated that the effect of 


Figure 1. Comparison of corona losses on 
transmission lines by early tests, and various 
formulas for a specific fair-weather condition 
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various numbers and spacings of the 
component conductors will be studied. 


Line Configuration 


No accurate measurements have been 
made to determine the effect of ground 
wires or the proximity effect of towers. 
Ground wires and towers being main- 
tained at ground potential increase the 
electric gradient at the conductor sur- 
face. These effects generally are not 
taken into consideration in the formu- 
las cited previously. Tests will be made 
with and without ground wires. In 
addition, means have been provided to 
vary the ground wire height and conse- 
quently its distance above the conduc- 
tors. The great height of the towers re- 
quired for these higher voltages extends 
their influence along a considerable por- 
tion of the line. Previous work failed to 
incorporate this effect into the loss 
determination. These investigations, by 
utilizing actual line construction prac- 
tice, simulate conditionsin the field and pro- 
vide information that can beused directly. 

All the tests will be made with horizon- 
tal spacing of the conductors. Provision 
is being made so that this spacing can be 
varied between 32 and 45 feet. 
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By varying the number of insulators 
in the suspension and strain strings, these 
effects and the consequent tower prox- 
imity effects likewise can be determined. 


Atmospheric Conditions 


The effects of atmospheric temperature 
and barometric pressure upon the corona 
loss have been determined carefully in 
the Ryan Laboratory by controlling these 
conditions in a large tank.!!. The break- 


down value of air as a function of the 


density dis given by the expression 


_17.9b 
~ 459+4 


where b is the barometric pressure in 
inches of mercury and ¢ is the temperature 
in degrees Fahrenheit. Using the stand- 
ard conditions of b equal to 29.9 inches 
(sea level value) and ¢ equal to 76 degrees 
Fahrenheit makes d equal to 1.0. Peter- 
son’ recommends that the actual conduc- 


Figure 2. Effect of weather on corona loss of 
a 2-conductor line 


Conductor diameter=12 millimeters (0.472) 
Conductor spacing =2.4 meters (94.5 inches) 
Frequency =50 cycles per second 
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tor temperature rather than the tempera- 
ture of the ambient air be used in this ex- 
pression. 


According to Carroll and Rockwell? 
humidity has practically no effect upon 
corona, loss if the conductor is absolutely 
clean. Peterson in his method of calculat- 
ing loss introduces a factor m to take care 
of roughness factor. This factor merely 
shifts the loss curve with respect to volt- 
age without altering its shape. Peter- 
son varies this factor with humidity. 
Quoting Peterson, “For general purposes 
it is felt that the proper value of m to use 
with low humidity and with the wire well 
weathered or in good clean condition is | 
0.92. During the night with low hum- 
idity® m may go as low as 0.78.” This 
would indicate a rather large effect of 
humidity. The contradiction between 
these careful investigators should be 
clarified. 


several investigators, particularly 
among the Germans, have shown that 
rain increases the corona from 10 to 60 
times. Figure 2 taken from the work of 
Strigel!? shows this effect clearly. The 
ordinate gives the loss at 50 cycles as a 
function of voltage on a single span con- 
sisting of two 12-millimeter (0.47 inch) 
conductors separated a distance of 2.4 
meters (7.9 feet). The three lower curves 
were obtained during sunny weather, the 
three upper curves during rain, and the 
intermediate one during a cloudy day. 
Fog and snow likewise increase the corona 
loss. In a region in which there is more 
than say 500 hours or 6 per cent of rain 
per year it is clear that the loss during 
this period would mask completely the 
loss during the fair weather. Records are 
available from the United States Weather 
Bureau which give the precipitation in 
each hour of the day at various stations. 
For Pittsburgh the average conditions for 
the 5-year period 1937 to 1941 show that a 
trace of rain or snow existed for 1,377 
hours per year, a precipitation of at least 
0.01 inch and less than 0.05 inch existed 
for 529 hours per year, and precipitation 
of at least 0.05 inch in an hour existed for 
200 hours per year. Thus for this period 
there was at least a trace of snow or rain 
for 24 per cent of the time and at least 
0.01 of an inch for 8.3 per cent of the 
time. This type of information should 
assist in evaluating corona factor as an 
economic factor. The fair weather loss 
therefore, may be of use principally as a 
bench mark or reference point to compare 
the relative performance of different con- 
ductors and different configurations. 

In designing a line for corona loss a 
particular value of kilowatts per mile can- 
not be specified as being acceptable irre- 


spective of the voltage. With increasing 
voltage and increasing power transmitted 
a balance between all factors likely will 
permit a larger loss per mile. Thus con- 
sider a 300-mile line over which 150,000 
kilowatts is being transmitted at a 6 per 
cent copper loss. This is equivalent to a 


Agss -of 30° kilowatts “per mile. ‘Linnting 


the corona loss to 3 or 4 kilowatts per 
mile would be quite acceptable, whereas 
for a lower-voltage line transmitting less 
power it might not be. 

Quite aside from the economic consid- 
eration of the corona loss resulting from 
snow, fog, or rain, radio influence during 
these conditions also might be important. 
It is quite possible that this factor might 
prove to be limiting. Abnormally high 
radio influence during even a relatively 
short time of extremely adverse weather 
might not be tolerable. Radio influence 
measurements will be made under abnor- 
mal weather conditions as well as during 
fair weather. In this connection it is also 
interesting to observe that in an actual 
line it may not be necessary that the dis- 
turbing factor occur at the particular 
point under observation. A rainstorm 
or high humidity condition at a particular 
point might transmit the disturbance 
along the line for a considerable distance 

It appears as though the ground gra- 
dients arising from charged thunderclouds 
might have an important effect upon 
corona loss and radio disturbances associ- 
ated with corona. Figure 3 represents 
one of several similar diagrams taken from 
the work of Simpson and Scrase. It 
represents the record of a relatively com- 
pact storm of no great intensity. Thun- 
der was heard in the early stages but no 
lightning was seen or recorded at any 
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time. The center of the storm appeared 
to pass about one kilometer south of the 
observatory at 17.25. Rain occurred 
irom.17.13-to.t/.01.. The lower ‘ctirve 1s 
the record of the potential gradient at 
the ground. It shows comparatively 
slow changes and gradients of as high as 


—+56-and —5@~per centimeter. These 


are equivalent to a gradient of 1,500 volts 
per foot or 125 volts per inch. — 

An insulated conductor 50 feet above 
ground and horizontal to it in a gradient 
of this magnitude would attain a poten- 
tial of 75,000 volts. Actually, a trans- 
mission line is not insulated from ground, 
but is grounded through the transformer 
neutral. As a consequence, with slow 
changes of this character, the potential of 
the line remains at ground potential. A 
neutralizing, or induced, charge collects 
on the conductor of such polarity and 
magnitude as just to nullify the potential 
of the static field produced by the cloud. 
While the actual potential is neutralized 
the gradient at the surfaces of the con- 
ductoris not. The electric gradient P; at 
the surface of the conductor due to the 
induced charge in volts per inch for a 
single conductor is 


Pp potential above ground in volts 
i= Se 


r log == 
r 


where + is the radius of the conductor in ~ 


inches and H is the distance above ground 
in inches. For a 2-inch conductor, the 
gradient is then 
75,000 
2 
2.303 logio 1.200 
= 10,600 volts per inch 


It will be observed that this gradient is 
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85 times the ground gradient that was 
responsible for the appearance of the 
induced charge. 

The approximate effect of this gradient 
can be visualized by comparing the poten- 
tial directly with the maximum instan- 
taneous voltage to ground on the conduc- 
tor. Thus, assuming a line-to-line rms 
voltage of 345,000 volts, the maximum 
line-to-ground voltage is 


4/2 X 345,000 + +/3 = 282,000 volts 


In terms of this voltage the induced 
potential is 75,000+ 285,000 or 26.6 per 
cent. Actually the presence of the other 
conductors influences the gradients adja- 
cent to the conductor surface. More 
accurate calculations for this particular 
set of conditions assuming 35-foot sepa- 
rations between conductors with a flat 
configuration indicates that the ground 
gradient affects the maximum conductor 
surface gradient on the outside conductor 
19.3 per cent. 

These figures are introduced at this 
time merely to illustrate the order of 
magnitude of the effects that might be 
present. Further investigation of this 
factor is amply justified. These phenom- 
ena incidentally might explain some of 
the variability that has occurred in pre- 
vious tests. 


Radio Influence 


The effect of radio influence has been 
just touched upon in this paper. Levels 


Figure 4. Location of three Tidd high-voltage 

test lines at Brilliant, Ohio, near the Tidd 

power station of the American Gas and Elec- 
tric System 
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that are acceptable must be determined 
and correlated with the loss. Facilities 
will be provided for studying not only the 
magnitude of the radio influence with 
varying line configurations, operating 
voltages and atmospheric conditions, but 
also the variations along the line between 
spans and at various points laterally from 
the line. 


Conductor Weathering 


Previous investigators have emphasized 
the importance of washing and buffing 
the conductors and surface irregularities 
produced by dragging the conductors 
along the ground during the stringing 
operation. Continued exposure of the 
conductor in weather gradually eliminates 
these effects unless the scarring is too 
severe. The effects of die grease and burrs 
are eliminated gradually by weather- 
ing. The Stanford tests indicated that 
by using proper washing technique the 
weathering time could be reduced greatly 
or eliminated entirely. These factors will 
be borne in mind during the progress of 
the tests. 


General Considerations and Design 
Features 


In planning the field test setup, a num- 
ber of factors had to be considered in order 
to insure the test results being of the most 
practical value. A location was selected 
on property of The Ohio Power Company 
along the Ohio River and adjacent to the 
Tidd plant at Brilliant, Ohio, about 35 
miles from Pittsburgh. At this location 
there is a flat stretch of land approxi- 
mately 11/,; miles long which permitted 
the erection of three parallel test lines. 


The general location showing the test 
lines and station is shown in Figure 4. 
The three lines are connected directly to 
a bus at the test station without circuit 
breakers and are fed through a 5,000-kva 
bank of three single-phase transformers. 


Three single-pole arresters have been 


installed to protect the transformer. An 
oil circuit breaker® will be connected to 
the bus together with an arrester for its 
protection. Measuring instruments will 
be mounted on top of the transformer 
bushing which will be read by telescope 
from an observation booth some 50 feet 
distant. Suitable control equipment for 
energizing the high-voltage lines will be 
supplied. The diagrammatic sketch of 
the station in Figure 5 shows the arrange- 
ment of busses, equipment, observation 
booth, and movable platform for servicing 
the meters. 

Within the test station all bus work is 
of 2-inch segmental hollow conductor. 
Shielded measuring leads are enclosed 
within the hollow conductors and extend 
from the instruments in the housing box 
on top of the high-voltage transformer 
bushing to the entrance of each of the 
three lines. 


There are three test lines, two 1.4 miles 
long, and a third a single 800-foot span. 
The two longer lines have an average span 
of about 1,050 feet and comprise seven 
towers per line. Two of the towers on 
each line are dead-end, one at the far end 
and the other at the second tower out 
from the station where the lines change 
direction 28 degrees. The lines run 
approximately parallel and about 288 
feet apart, center to center. The line 
conductors are approximately 85 feet 
above the ground at the towers and about 
40 feet at midspan. Provision is made on 
all three lines for the installation of two 
ground wires at variable spacings above 
the conductors with a maximum elevation 
above conductors of 40 feet. The ground 
wires also extend over the station for bus 
and equipment shielding. The line towers 
are provided for variable conductor spac- 
ings of 45, 381/., and 32 feet between 
conductors. The lines are phased so that 
adjacent conductors of different lines 
connect to the same phase. A more de- 
tailed description of the towers and struc- 
tures is given later in this paper. 

The station is insulated with 26 53/,- 
inch spaced units, and the line is arranged 
to have 26 to 30 units in suspension and 
double strings in dead-end. All insula- 
tors have a mechanical rating of 25,000 
pounds. Grading shields are used on the 
live end of all insulator strings. Pre- 
liminary tests indicated that these were 
necessary at the line end but not at the 
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Figure 5. The 500-kv test station layout 

showing bus spacing and arrangement, equip- 

ment location, ground wire shielding, and pro- 

visions for reading and servicing measuring 
instruments 


ground end. The tests made in deter- 
mining the design of these shields are given 
in a companion paper.? Special hard- 
ware for each particular type of conductor 
has been provided. 

Three single-phase transformers con- 
vert energy from the 66-kv supply to high 
voltage that can be varied between 264,- 
000 and 500,000 volts line-to-line. The 
transformer bank is delta connected on 
the 66-kv side and Y connected and sol- 
idly grounded on the 500-kv side. The 
transformers are of conventional shell-form 
construction. The impedance is 6.6 per 
cent which is low compared to power 
transformers of comparable size or com- 
pared to a testing transformer. This is 
of advantage in maintaining a sinusoidal 
wave shape. | 

The transformer is protected against 
lightning by two different types of light- 
ning arresters which are shown in Figure 
6. Two of these are of the suspension 
type and are supported by the steel bus 
structure. The other isa self-supporting 


type made up of three pedestal columns 
containing alternate arrester elements 
and insulators. The arrester units are so 
connected that they in effect spiral around | 
the columns and thus produce an arrester 
of relatively low height. These arresters 
are described in a companion paper.* A 
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lightning arrester will be supplied for the 
oil circuit breaker in process of installation. 

The aluminum instrument boxes moun- 
ted on top of the transformer bushings 
contain the measuring instruments includ- 
ing wattmeters of special design. The 
potential supply is provided by an exten- 
sion of the main transformer winding. 
The current elements of the wattmeters 
are connected directly to the line without 
an intervening instrument transformer. 
Indicating meters mounted in the instru- 
ment house can be read remotely by a 
telescope mounted in a special observa- 
tion booth located on the bus structure at 
a point level with the instrument house. 
In addition, continuously recording in- 
struments and also high-speed recording 
instruments permit the determination of 
corona loss during all weather conditions 
over long periods of time. Details con- 
cerning the instrumentation are given in a 
companion paper.® 

A view of the test station and some of 
the equipment is shown in Figure 7. 


Transmission Line Towers and 
Substation Structures 


The transmission line towers and sub- 
station structures for the Tidd high-volt- 
age test installation were designed and 
furnished by American Bridge Company. 
These structures consist of 15 line towers 
and 9 substation structures. 


LINE TOWERS 


Test lines 1 and 2 each contain seven 
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towers in addition to the substation take- 
off structures. Five of the towers in 
each of these lines have suspension insu- 
lator attachments and two have strain 
attachments, one of which is located at 
the terminus of each line and one at an 
angle point in each line. 

Line 3, consisting of a single 800-foot 
span, contains a special type of strain 
tower in addition to the substation struc- 
ture forming one support of the span. 


SUBSTATION STRUCTURES 


The substation structures are essen- 
tially similar to the line towers except that 
the height and crossarm lengths are less. 
Three of the structures support the in- 
coming line conductors as well as the 2- 
inch-outside-diameter bus cables together 
with ground wires. The remaining sub- 
station structures support busses and 
station ground wires only, except one 


combination tower and cross-girder struc- 


ture which supports two suspended light- 
ning arresters in addition to the busses 
and ground wires. The latter structure 
also has attached to it a steel framed ob- 
servation booth to be used for the visual 
observation of the measuring equipment 
and for various control devices. 


TOWER AND SUBSTATION DESIGN 


The line towers support three conduc- 
tors at an elevation of 100 feet above the 
ground at the point of attachment of the 
insulator strings, and two ground wires 
located 24 feet above the conductor cross- 
arm (see Figure 8). The conductor 
crossarm is 90 feet in length, providing a 
maximum phase spacing of 45 feet. 
Attachments are provided on the cross- 
arm so that the outer conductors can be 
moved toward the center of the tower so 
as to provide alternate phase spacings of 
38 feet 6 inches and 32 feet Oinches. The 
ground wire peaks are provided with alter- 
nate attachment points for the ground 
wires so that the wires can be lowered 6 
feet or 12 feet below the normal topmost 
location (see Figure 9). The suspension 
towers were designed for average tangent 
spans of 1,200 feet. 

The wind loading was assumed at 8 
pounds wind on 1/2-inch-ice-covered cables 
and 13 pounds per square foot on 11/, 
times the projected area of one face for 
tower structures. From these data the 
following loads were determined for 
which the towers were designed: 


Suspension Tower 


1. + Vertical: 

Two ground wires at 1,400 pounds=2,800 
pounds 

Three conductors at 5,300 pounds=15,900 
pounds 


Total 18,700 pounds 


9. Transverse: 


Two ground wires at 1,300 pounds=2,600 
pounds 

Three conductors at 2,200 pounds=6,600 
pounds 


- otal 9,200 pounds 


3. A longitudinal load at any one ground 
wire support at 6,750 pounds or at any one 
conductor support at 15,000 pounds. (For 
longitudinal combined loads on tower use 60 
per cent of conductor load or 9,000 pounds.) 


4, Wind on tower at 13 pounds per square 
foot on 1!/2 times the projected area of one 
face. 


5. Dead load of tower. 


6. Heavy vertical (one inch ice): 


Two ground wires at 2,000 pounds =4,000 
pounds 

Three conductors at 8,000 pounds = 24,000 
pounds 

Total 28,000 pounds 


For determining maximum stresses in 
member, the following combinations of 
loads were used: 


(a) 1, 2,4, and 5 (all cables intact) or 


(Dy 2-15. 9/10 of 2, 3, 4, and ,5 (one broken 
table) or 


(c) 6—for cross arms only. 


The dead-end and angle towers on 
lines 1 and 2 were designed for the follow- 
ing loads: 


Lee Vertical: 

Two ground wires at 1,400 pounds=2,800 
pounds 

Three conductors at 5,300 pounds = 15,900 
pounds 


Total 18,700 pounds 


2. Transverse wind on cables: 

Two ground wires at 1,300 pounds =2,600 
pounds 

Three conductors at 2,200 pounds=6,600 
pounds 

Total 9,200 pounds 


3. Longitudinal: 

Two ground wires at 6,750 pounds = 13,500 
pounds 

Three conductors at 15,000 pounds = 45,000 
pounds 

Total 58,500 pounds 


4, Wind on tower at 13 pounds per square 
foot on 1!/2 times the projected area of one 
face. 


5. Dead load of tower. 


6. ‘Transverse angle in line of 29 degrees 0 

minutes: 

Two ground wires at 3,375 pounds=6,750 
pounds 

Three conductors at 7,500 potnds 27: 500 
pounds 

Total 29,250 pounds 


7. A longitudinal load at any one ground 
wire support at 6,750 pounds or at any one 
conductor support at 15,000 pounds 


8. Heavy vertical (one inch ice): 

Two ground wires at 2,000 pounds=4,000 
pounds 

Three conductors at 8,000 pounds = 24,000 
pounds 

Total 28,000 pounds 


For maximum stresses combine (a) or 
(b) or (c) or (d) or (e). 
(a) 1, 2,4, 5, and 6 (all cables intact). 
(b) 1, %/io of 2, 4, 5, 9/19 of 6, and 7 (one 
broken cable). 
(c). 1, 1/o of 2, 3/, of 3, 4, 5, and 1/2 of 6 (all 
cables on one side for angle tower). 


(d) 1, 1/2 of 2, 3, 4, and 5 (all cables on one 
side broken:for dead-end tower). 


(e) 8&—for crossarms only. 


The dead-end tower on line 3 is essen- 
tially the same as the strain tower on 
lines 1 and 2 except that the tower is de- 
signed for a maximum longitudinal load 
of 25,000 pounds per conductor instead of 
15,000 pounds as used for the latter lines. 

The substation structures were de- 
signed to support the strain busses at 
maximum tensions of 11,000 pounds. 
One structure, as previously mentioned, 
was designed to support in addition to the 
busses and ground wires two lightning 
atresters with a vertical load of 12,000 
pounds at each arrester support. 


STRENGTH OF TOWERS 


The towers were designed using the 
following unit stresses which permit an 
overload of approximately 90 per cent 
over and above the working loads: 


Tension on net section, 20,000 pounds per 
square inch. 

Compression on gross section, 20,000 
pounds minus 85 L/R per square 
inch for L/R less than 150 where LZ 
is unsupported length of section in 
inches and R is least radius of gyra- 
tion of section. 

Compression on gross. section, 15,500 
pounds minus 55 L/R per square 
inch for L/R greater than 150 where 
LZ is unsupported length of section in 
inches and R is least radius of gyra- 
tion of section. 

Shear on bolts, 13,500 pounds per square 
inch. 


Bearing on bolts, 27,000 pounds per square’ 


inch. 


Figure 6. High- 
voltage lightning ar- 
resters installed to 
protect power trans- 
formers 


Self-supported type 
on the left, Suspen- 
sion or earthquake- 
proof type on the 
right .and in the 
background. Ob- 
servation booth in 
the center 
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STREss ANALYSIS 


Stress diagrams were prepared for all 
structures based on the loading require- 
ments for each structure. These dia- 
grams and actual computations for the 
stresses and size of the various members 
were based on past tests of structures of 
similar outline. 


FOUNDATIONS, en | 


The anchors for all Lowers at substa- 
tion structures were of the steel earth 
grillage type using a single stub extending 
beneath the ground to a steel grillage so 
designed as to sustain the uplift and com- 
pression loads of the tower without the 
use of any concrete. The horizontal 
shear at the ground line was resisted by 
extending the bottom diagonals below the 
ground line and connecting to the anchor 
stubs. This point of connection below 
ground line, using earth bearing on stub 
for resisting horizontal shear, was 3.5 feet 
for suspension towers and 4 feet for dead- 
end angle towers. 


COATING AND CONNECTIONS 


All the material, including foundations 
and connection bolts furnished for the 
line structures and substation structures, 
was hot dipped galvanized according to 
the latest American Society for Testing 
Materials Specifications. The material 
was shipped to the site unassembled. All 
connections were field bolted. 


Special Features 


Special features of interest in the design 
of this test layout are the following: 


1. The instruments for accurate measure- 
ment are mounted on top of each trans- 
former bushing. Access to these meter in- 
stallations is provided by means of a mov- 


able, elevated platform set on the railroad 
spur track on which the transformers were 
transported to the site. 


2. As it is necessary to read certain meters 
when the line is energized, an elevated 
observation booth is mounted on one of the 
structural towers at the station, and the 
meters are read remotely by telescope. 


3. As mentioned previously, the measuring 
leads from the transformer to each of the 
three lines are shielded and enclosed within 
the 2-inch HH bus conductors up to the 
point of line entrance. 


4. Provision is made for insulating the 
ground wires so that comparative corona 
effects can be readily obtained by momen- 
tarily connecting the ground wire to ground. 


5. Grading shields for single dead-end, 


Figure 7. The 500-ky test station showing 
station structures, incoming lines, and some of 
the test equipment 


Figure 8. Standard suspension tower for 500- 
kv line with all three conductors and ground 
wires in place 


double dead-end, and suspension strings are 
designed specially and are described in a 
companion paper. 


6. The towers provide for variable vertical 
positions of the ground wires and also for 
variable horizontal positions of the phase 
wires. These provisions were made to de- 
termine the effect of conductor and ground 
wire spacings. 


7. While the tower and station structural 
designs are admittedly not the final design 
for a practical line on account of the variable 
factors which had to be provided for, they 
are a very close approximation to what it is 
expected would be used in high-voltage ‘con- 
struction up to 500 kv. 


6-0 
1 


6-0 


it uv 


6-0 


pi Pesce 


124’- 0” 


Figure 9. Standard sus- 
pension tower for 500- 
kv line showing arrange- 
ments for variable loca- 
tion of conductors and 
ground wires 
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Scope and Objectives 


The test setup has been planned with 
the idea of making corona measurements 
on a full scale transmission line energized 
by a full size transformer and other 
equipment closely similar to what would 
be used in extra-high-voltage transmis- 


sion. Provision has been made to vary: 
the conductor size, type, and arrange 


ment; the spacing between conductors; 
the number of insulators; and the height 
of the ground wires. The effects of dif- 
ferent atmospheric conditions, such as 
fair weather, cloud effects, rain, fog, 
sleet, and snow and also electric ground 
gradients, will be studied by continuously 
recording devices. Studies will be made 
on radio reception as influenced by cor- 
ona. Insulator loss as affected by fog, 
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sleet, rain, and other atmospheric condi- 
tions also will be studied. 


Participating Companies 


The responsibility of the tests lies with 
the engineers of the American Gas and 
Electric Service Corporation. The West- 
inghouse Electric Corporation has contrib- 
uted the power transformers and arrest- 
ers for their protection and also the meas- 
uring equipment, and has been active 
in the planning of the investigation. The 
American Bridge Company has contri- 
buted the towers, and the Ohio Brass 
Company and Locke Insulator Corpora- 
tion the insulators and hardware. The 
Aluminum Company of America, Gen- 
eral Cable Corporation, and Anaconda 
Wire and Cable Company supplied the 
conductors and fittings. The high-volt- 
age circuit breaker with its protecting 


arrester is being supplied by the General 
Electric Company. 
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Insulators and Line Hardware for Tidd 
500-Kv Test Lines 
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Section [ insulators did not affect the measure- 


AREFUL CONSIDERATION was 
given to the selection of insulators 
and the development of line hardware 
which are being used on the 500-kv test 
lines planned by the-American Gas and 
Electric Service Corporation, in  co- 
operation with seven manufacturing com- 
panies, to obtain needed data on corona, 
radio interference, and other technical 
features of conductors and equipment. 
These lines are located near the Tidd plant 
of The Ohio Power Company. This is a 
companion paper to six others! ® which 
describe the over-all approach to the 
problem, a description of the test layout, 
equipment, and instrumentation. A dis- 
cussion of the insulator and line hardware 


_ features is given in this paper. 


Insulators 


The two principal features of insulators, 
so far as the line design is concerned, are 
their electrical characteristics and me- 
chanical strength. 


ELECTRICAL CHARACTERISTICS 


The electrical characteristics of 5°/4 by 
10-inch insulators, extrapolated from 
existing data’ on long insulator strings, 
are given in Table I, together with the 
ratios of insulator flashover to line-to- 
ground voltage for a 500-kv line. Using 
these data as a preliminary guide to- 
gether with recent records of line insula- 
tion in present use on high-voltage lines,*® 
it was concluded that for a 3-phase 500-kv 


line, a maximum of 30 units probably 


would not be exceeded in actual practice, 
and 26 insulators would be sufficient for 
that part of the test layout where the 


ments, that is, on the substation bus. It 
is, of course, possible to remove or short- 
circuit additional insulators in the line to 
study the effect of corona with a lesser 
number of units. 

The choice of the number of insulators 
to be used on an actual line within the 
present test range (262 to 500 kv) is, of 
course, an economic factor and outside 
the scope of this paper. However, 1t was 
believed that the maximum number of 
insulators chosen probably would not 
be exceeded in a practical line within the 
test voltage range. 

A preliminary study indicated that 
there appeared to be no advantage in 
attempting to develop any special in- 
sulator or use any intermixing of various 
insulator sizes or shapes in the string, and 
therefore the conventional ball-and-socket 
53/4-inch-spaced unit was decided upon. 


MECHANICAL STRENGTH 


In view of the fact that conductor 
sizes® were planned as large as two inches 
outside diameter, as well as ‘‘bundle’’ 


conductor arrangements, the maximum 


design conductor tension under an as- 
sumed loading condition of 8 pounds of 
wind on cables covered with one-half 
inch of ice was 15,000 pounds. From 
economic considerations it was desired 
to restrict the dead-end insulator 
assemblies to two strings of insulators. 
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It therefore was decided to use insulators 
with a rated strength of 25,000 pounds, 


which would allow a reasonable factor of. 


safety at strain positions. The maximum 
design vertical loading of conductors at 
suspension points was 6,600 pounds, and 
it was decided to use single strings of 
25,000-pound-rated insulators of the same 
type as used at strain positions. On the 
substation bus where 2-inch HH cable is 
strung to give a maximum assumed loaded 
tension of approximately 11,000 pounds, 
single strings of 25,000-pound-rated in- 
sulators were used. 


Line Hardware 


As varying sizes of conductors (1.4, 
1.65, and-2.0 inches in diameter) were to 
be used, and further as plans were made 
to use ‘“‘bundle’’ conductors on one line, 
some special line hardware had to be de- 
veloped. Line suspension and dead-end 
clamps were designed specially for all 1.65- 
inch and all 2.0-inch copper conductor. 
A standard clamp for 2.0-inch-outside- 
diameter conductor was used on the 2.0- 
inch aluminum cable steel reinforced. 
Special line hardware also is being pro- 
vided for the “‘bundle” conductor and is 
described in a companion paper?. 


Corona Shields 


Extensive laboratory tests indicated 
that shielding would be required on the 
line end of insulator strings for two pur- 
“poses 


1. To grade the insulator string. 


2. Tocontrol the electrostatic field around 
the line hardware in the vicinity of bolts, 
nuts, clamps, and washers. 


It also was found that no grading shield 
was required at the ground end or at any 
intermediate point on the insulator 
assembly. 


Field Construction 


Figure 1 shows a double dead-end 
assembly of 30 by 30 insulators with 
corona shield and  2-inch-outside- 
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diameter conductor attached being raised 


into position at a dead-end structure. 

Figure 2 shows insulator strings in 

Jace at the station entrance structures of 

lines 1 and 2. The corona shields have 
not yet been aligned for installation of the 
dead-end loops. 

The field erection of insulators on the 
station bus and the three test lines was 
completed in July 1947. 


Co-operating Groups 


The two co-operating companies on the 
insulator and hardware problem, the 
Ohio Brass Company and the Locke 
Insulator Corporation, made extensive 
studies and laboratory experiments on 
complete insulator assemblies. A dis- 
cussion of their approach to the problem, 
describing some of the test and design 
work and the standard and specialized 
equipment supplied for the project, is 
given in detail in the following two 
sections of this paper. 


Section Il. Insulators and Line 
Hardware Supplied by the 
Ohio Brass Company* 


In the design of insulators and line 
hardware for the Tidd 500-kv test line, 
consideration was given to _ physical 
characteristics, flashover requirements, 
and reduction of voltage stress. This 
section summarizes some of these factors 
and the tests which determined the design 
of insulators and line hardware furnished 
by the Ohio Brass Company. 

The high-voltage laboratory study in- 


‘cluded: flashover, corona, voltage dis- 


tribution, radio influence voltage, and 
leakage current. 

The radio influence voltage was meas- 
ured with the EEI-NEMA-RMA test 
circuit,? but for this test the 60-cycle 
voltage was limited to 225 kv line-to- 
ground (390 kv phase-to-phase). 


Insulators—Physical Characteristics 


The 25,000-pound 5/,-inch spaced in- 
sulator unit was supplied for all assem- 
blies. Because of the advantage indi- 
cated by corona observations and field ex- 
perience, the ball-and-socket type unit 
was preferred. Ball-and-socket designs 
used in the United States originally had 
been made for suspension insulators hav- 
ing 9,000 pounds and 11,000 pounds rated 


- mechanical and electrical strength. Later, 


when higher strength units were designed, 
the same ball and socket was retained to 


*By J. M. Sheadel. 


Figure 1. Double dead-end (30 by 30) insu- 
lator string with corona shield and conductor 
attached being raised into position in the field 


maintain interchangeability. Experience 
with ball-and-socket high-strength in- 
sulators has indicated that the 5/8-inch- 
diameter pin shank necessary for inter- 
changeability may develop fatigue failure 
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under conditions of exceptional vibration 
and tension. Modern steel alloys permit 
higher unit stresses in pin shanks; but as 
a conservative practice ball-and-socket 
connections generally have not been 
recommended for suspension insulators 
rated at more than 18,000 pounds. 

Although unusual insulator vibration 
problems were not expected on the test 
line, suspension insulators similar to those 
which would be used for an eventual line 
were preferred. Possible mechanical re- 
quirements of insulators on a 500-kv 
transmission line indicated that increased 
fatigue strength would be desirable and 
that interchangeability with old units is 
not needed. Hence, to improve the 
endurance strength markedly, the shank 
diameter of the insulator pin was in- 
creased to 11/16 inch. ) 

Insulator manufacturers are studying a 
proposed ball-and-socket standard ~ re- 
vision which would permit a similar in- 
crease in the shank diameter for regular 
25,000-pound connections. 


Suspension Clamps 


The ultimate strength of the suspension 
clamps used for the test line matched the 
25,000-pound insulator rating. A special 
clamp shown in Figure 3 was made which 
is suitable for use with I-beam, type HH, 


Figure 2. Double dead-end and single dead- 
end insulator assemblies and corona shields 
in place at station entrance structure 
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or aluminum-cable-steel-reinforced con- 
ductors 1.65 inches in diameter. The re- 
quirements of type HH conductor es- 
tablished the radius of curvature and the 
included vertical angle. These deter- 
mined the length of the clamp. 

The design was based on principles 
which had been applied successfully to 
clamps for smaller sizes of hollow copper 
conductor. More than 90 per cent of the 
conductor periphery was enclosed at the 
clamping section; the clamping section 
was short, the U bolts were close together, 
and a tapered clamping piece was used; 
the pivot point of the clamp was located 
near the intersection of the tangents of 
the catenary at the seat of the clamp. 

With conductors other than type HH a 
smaller radius of curvature is permitted; 
hence, a shorter clamp could be used. 
For the 2-inch-diameter aluminum cable 
steel reinforced standard catalogue 
clamps were furnished. 


Reduction of Voltage Stress 


When voltage is placed across a long 
string of clean, dry suspension insulators, 
it is not. divided equally among the 


—units.!! Because of the capacitance dis- 


tribution the line insulator normally sus- 
tains the greatest potential, which for a 
string of 20 units is nearly 20 per cent of 
the impressed voltage. Should this 
voltage be increased to, say, 400 kv (700 
kv phase-to-phase), a stress of 80 kv 
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Figure 3. Suspen- 
sion clamp designed 
for 1.65-inch-diam- 
eter type-HH cop- 
per conductor 


SECTION AA 


might be expected on the line insulator. 
Since this is the rated flashover value of 
one unit, string flashover might be ex- 
pected. This does not occur, however, 
since the corona which appears at the 
most highly stressed zones increases the 


1.90" OD 
Figure 4. Control 
ring arrangement for 
the suspension string 


A. shorter standard 
suspension clamp 
was used with Q- 
inch-diameter alu- 
minum cable steel re- 
inforced 


effective capacitance of the line units and 
reduces the percentage of voltage which 
appears across these units. 

Most conventional designs of suspen- 
sion and strain clamps and suspension in- 
sulators do not produce noticeable elec- 
tric overstress for line operation to 230 kv 
phase-to-phase. Generally the voltage 
stress is not sufficient to produce levels of 
radio influence voltage objectionable to 
nearby radio listeners or to carrier current 
operation. 

For the 500-kv test line a reduction in 
the voltage stress at the line end of the 
insulator string was required to eliminate 


26° 


ty 
es 
Figure 5. Control 


ring for the single 
dead-end string 
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the small corona loss which would occu 
standard insulators and clamps were 
used.1? Radio influence voltage charac- 
teristics would be improved and the 
corona products which accelerate the 
corrosion of the suspension insulator pin 
would be eliminated. 

Several methods or combinations of 
methods may be used to reduce the 
voltage stress at the line end of a long 
string of suspension insulators. | 


INSULATOR DESIGN 


The incorporation of control devices in 
both the insulator and clamp design has 
merit in simplicity of installation and 
maintenance of maximum clearance to 
the tower. | 

since the insulators of the transmission 
line preferably should be of identical de- 
sign, complex suspension units which re- 
quired special parts at several positions in 
the string were found to be impractical... 
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Trials were made with insulators which 
included electric stress controls in the pin- 
hole or conducting glaze at critical areas. 
However, these designs, especially that 
with pinhole control, were sensitive to 
humidity and the condensation of mois- 
ture on the porcelain. Units which re- 
quire integral control devices were not 
recommended for use on the test line be- 
cause of their inherent cost and debatable 
performance. 


SUSPENSION CLAMP DESIGN 


The design of a suspension clamp to 
meet the specification of no corona at 500 
kv phase voltage required radii of about 2 
inches at the lips and special treatment 
of the nuts and rivets. The cumbersome- 
ness and complexity of such a design led 
to its rejection. External control rings 
were most practicable. 


EXTERNAL SHIELDS 


The maximum voltage stress on in- 
sulators and line hardware may be re- 
duced by external shields. The conven- 
tional ring fabricated from tubes may be 
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used for the insulators, but additional 
rings must be included for shielding the 
clamps. Control rings which shield both 
insulators and hardware were developed 
for the test line. Figure 4 illustrates the 
control ring for the stfspension string; 
Figure 5 for the single dead-end; Figure 6 
for the double dead-end. 

The structural simplicity and ease of 


Gnstallation of these rings are apparent. 


All three are of the same basic principle 
but the suspension rings are tilted toward 
the clamp to improve tower clearance 
when the string swings toward the tower. 
The open construction about the insulator 
string reduces the possibility of snow 
packing or ice bridging. The suspension 
clamp may be positioned or removed 
without moving the rings. Under broken 
conductor conditions no conflict between 
ring and conductor is possible. Standard 
hardware connections, rivets and cotters, 
are used within the shielding influence of 
the rings without danger of overstress. 
Steel pipe of the standard 11/,-inch 
size (1.9-inch outside diameter) was used 
in the construction of these rings. This 
diameter is about 15 per cent greater than 
the diameter of the 1.65-inch conductor. 
Tests demonstrated the effective shield- 
ing of these rings for clean, dry conditions. 
Figures 9 and 10 summarize the radio in- 
fluence voltage characteristics and the 
corona observations of test strings. The 
improvement in the voltage distribution 
from the plain string to the shielded 
string is indicated by Figure 11. These 
gradient tests were made at approximate 
phase voltages of 350 kv and 500 kv. 
Shielding rings made of 4-inch-outside- 
diameter pipe instead of 1.9-inch were 
tested, but appeared to have little added 
advantage from the corona point of view. 


Voltage Stress of Wet and 
Contaminated Insulators and 
Hardware 


A marked reduction of corona voltage 
from clean, dry, to clean, wet conditions is 
shown by Figure 10. As illustrated by 
Figure 12 these corona points were from 
water drops on the surface of the control 
ring. The corona was limited to the 
ring and conductor; the insulators and 
other hardware parts were well shielded. 

For tubular shapes the increase of 


radio influence voltage from dry to wet 


conditions is demonstrated by Figure 13. 
A 2-inch-diameter smooth brass rod was 
tested for radio influence voltage, first dry 
and then with water drops on the surface. 

Shielding effectiveness is decreased by 
wet contaminated insulator surfaces. 
Overstress on polluted insulators may 


Figure 6. Control ring 
for the double dead-end 


string 


occur with unfavorable atmospheric con- 
ditions—fog, mist, wet snow, or light 
rain—and resistance rather than capaci- 
tance distribution of voltage may pre- 
dominate throughout the string. Leakage 
currents of a few milliamperes cause heat- 
ing sufficient to dry parts of the insulators. 
These dry areas may be near the pinhole 


Figure 7. Line end of the suspension string 


of a suspension insulator; sometimes 
they are around the cap; but they may 
occur on any unit in the string. The 
voltage stress at such zones causes 
localized air breakdown. The resulting 
arc allows a leakage current surge.” 

In our laboratory high-speed surge 
counters and surge recorders are used to 
determine the frequency, shape, and mag- 
nitude of these currents. The amount 
and type of contamination, the nature 
of the moisture, the presence of wind, and 
many other factors determine these 
characteristics. 

A typical laboratory record is shown in 
Figure 14. A string of standard suspen- 
sion insulators, contaminated in service in 
an industrial area was tested for leakage 
characteristics in mist at a ‘voltage of 
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about 10 kv per unit. Although the 
average leakage current was approxi- 
mately 2 milliamperes, some surges were 
greater than 20 milliamperes. 


In industrial areas heavily polluted 
with smoke and chemicals and in coastal 
regions subject to fog and salt deposits, 
severe leakage surging has caused flash- 
over. Laboratory tests have demon- 
strated that such incidents would result 
from surges in the order of 100 to 20 
milliamperes. : 


Figure 8. Line end of the double dead-end 
string 


A clean, dry 30-unit suspension string 
at a phase voltage of 350 kv will have a 
power loss of less than 5 watts. Even in 
an interval of adverse weather and with 
dirty insulators, the average power loss | 
per string should be less than 200 watts. 
During leakage current surges, instan- 
taneous loss values might reach several 
kilowatts. | | 

Continuing laboratory study of this 
subject may supplement the field in- 
vestigation of the Tidd test line and 
facilitate assignment of observed losses. 
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Figure 9. Radio influence voltage character- 
istics of suspension insulator strings with and 
without control rings 


These. curves apply to either 26- or 30-unit 
strings 


Conclusions 


For 500-kv transmission lines, control 
rings have been developed which reduce 
the maximum voltage stress of the in- 
sulators and line hardware to acceptable 
levels. 

Standard suspension insulators of ap- 
propriate strength are suitable for in- 
sulating these high-voltage lines. For 
high-strength suspension insulators with a 
25,000-pound mechanical and electrical 
rating, insulator manufacturers are 
studying the possibility of increasing the 
pin shank diameter to improve fatigue 
strength. 

Suspension clamp designs of standard 
types and established serviceability are 
available for use with large diameter con- 
ductors. 

Field investigations and laboratory 
studies of leakage current phenomena 


over transmission line insulators do not 


show an alarming increase of flashover 


hazard with an increase of line voltage; - 


if leakage problems arise on the proposed 
500-kv line, units designed specifically for 
improved leakage surge resistance could 
be applied. 


Section Ill. Insulators and Line 
Hardware Supplied by the 
Locke Insulator Corporation* 


When the American Gas and Electric 
Service Corporation proposed the con- 
struction and experimental operation of 
the Tidd 500-kv transmission project, a 


*By R. L. McCoy. 


PHASE VOLTAGE- KV. 


Figure 10. Range of minimum corona read- 
ings for the insulator strings with control rings 


The minimum dry corona was from the radius 
of the control ring as shown in Figure 12. 
Wet corona tests were made with water drops 
on the hardware and with 0.2 inch per minute 
orecipitation of 7,000 ohms per inch cube 
water. The minimum wet corona was from 
water drops on the rings. Readings were 
made with decreasing voltage 


study was made to see what new elements 
would be required in making up the in- 
sulator assemblies. 


The Locke Insulator Corporation fur- 
nished the insulators and developed 
associated fittings necessary to support 
one circuit of the experimental line which 
was to be constructed with 1.65-inch-out- 
side-diameter hollow-core copper con- 
ductor weighing 2.061 pounds per foot. 
It was proposed that this conductor 
should be so strung that under maximum 
assumed conditions of 1/2-inch radial ice, 
and 8 pounds per square foot lateral wind 
pressure, at a temperature of zero de- 
grees Fahrenheit, the maximum conductor 
tension would not exceed 14,500 pounds. 
This figure established the theoretical 
tension working loads required at the 
dead-end points. The maximum loading 
at suspension points on the line, as- 


———— 


suming a 1,100-foot span, and consider- 
ing the weight of the conductor, ice load, 
and wind load on the projected area of 
the conductor, plus ice, was calculated 
to be slightly less than 5,000 pounds. 
At the outset it was recognized that at 
voltages in the range from 345 kv to 
500 kv corona effects on the insulators 
and line hardware fittings would be a 


problem to be dealt with, but it was be-. 


lieved that these effects could be sup- 
pressed with appropriate corona shields 
properly disposed with respect to the parts 
where corona would be most likely to form. 
It therefore appeared to be the most eco- 
nomical approach to the problem to select 
the standard existing 25,000-pound unit 
having a nominal diameter of 10 inches, a 
spacing of 53/, inches, and a rated leakage 
distance of 111/, inches. The ball-and- 
socket type of connection was preferred 
because of the greater facility with which 
maintenance operations could be carried 
on under “‘hot line’ conditions. 

Aside from the elimination of corona on 
the insulators and line fittings, the prob- 
lem of suspending large diameter cables 
which were dictated by the corona loss 
studies appeared to be a fruitful field for 
investigation and development. While it 
was possible to support these conductors 
with an enlarged version of the conven- 
tional rigid saddle or envelope type clamp, 
an appraisal of the situation indicated 
that such a clamp would need to be 
approximately 34 inches in length if it 
were to accommodate maximum take-off 
angles which might be encountered in line 
construction without bending the cable 
over a shorter radius than was desirable 
with this type. 

It was obvious that with a clamp of this 
length providing adequate strength, of 
necessity it would involve considerable 
mass and inertia resulting in high con- 
centrated stresses on the cable under 
vibratory conditions. The high inertia 
of such a large rigid supporting member 


also seemed to preclude the possibility of . 


Table |. Electrical Characteristics of 53/,-by-10-Inch Standard Suspension Insulators 
(Extrapolated From Published Data) 


Critical Impulse 


No. of 60-Cycle Flashover, Kv RMS Kv—11/9x40 Wave 
Units Dry Times L-N* Wet** Times L-N Positive Negative 
vd I BE Stes St Cone Paar 1,060 De OOseh Fao saves TOO oe ees DEO Goce 6. LOU S Ac teh ee oe 1,790 
Zoe en ede 1,160 AMO vance a ek BVO crs cere oe Se, |) es OO sree ork a eee 1,940 
pee eee eae ae 1,260 A OSes hue ses Oe ee eee ee Cg Ok ine wate bets 2 ODO Sewanee oor 2,090 
ZO ee tie nein ole VP SG60 24 08 Ses SS ra eae POZO eae oe ae Ore. Say ee we DA00 Ss Mae sows ae 2,240 
DR ses, Soir i CA OOe cies shi oe BUG se can eet POS vad cers: =O 0 Reena ne DOU sate ace ieee ete e 2,490 
DO sew siaietira sa aoe 5 HB)5) 6) 0 paneer eR A Aen gee ee 1,170 Ae UG: seco oe ZOO Es cs Sede es 2,540 


*L-N is line to neutral voltage on a 500-kv 3-phase line. 


**Based on wet flashover being 75 per cent of dry value. 
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enc E NRE OF IMPRESSED 
VOLTAGE ON RESPECTIVE 
UNITS 


Figure 11. Voltage distribution of a 26-unit 
suspension string with and without control rings 


its following the conductor vibrations 
faithfully. If it did not, beating of the 
conductor strands or segments at the 
point where they came tangent to the 
clamp seat would be inevitable. This 
would result in work hardening of the 
conductor material and great suscepti- 
bility to fatigue at these points. 

It therefore was decided to make a new 
approach to the suspension clamp prob- 
lem for large conductors, especially those 
of the hollow-core type. Previous expe- 
rience with corona tests on clamps had 
shown that for operation in the projected 
voltage range with practical designs it 
would be desirable to shield the clamp 
from the strong electric field near the 
conductor. The idea of enveloping the 
clamp with the supports for the insulator 
corona shield was conceived. The clamp 
and shield therefore were developed 
simultaneously, the shield being designed 
to afford corona suppression to the clamp 
making it unnecessary to eliminate small 
radii and projections on the clamp itself. 


The Suspension Clamp Design 


As has been indicated, it seemed de- 
sirable to provide as high a degree of 
flexibility as possible with minimum 
weight and inertia in a clamp for large 
diameter conductors. In order to accom- 
plish this it seemed best to avoid large 
rigid structures and to build the clamp of 
a number of rugged lightweight parts 
flexibly disposed with relation to each 
other. 

Accordingly, a design was conceived in 
which the cable was supported on three 
separate saddles mounted on trunnions 
midway of their lengths and on the center- 
line of the conductor. These three sad- 
dles were connected by flexible linkages 


on each side co-operating with the trun- 
nions of each saddle. The members thus 
formed then would be supported from the 
lower fitting of the insulator string by four 
links attached to them at some desired 
point between the trunnions of the three 
saddles. 

By means of this construction the total 
weight of the span to be supported would 
be divided among the three saddles and 
the proportion borne by each saddle 
would be capable of adjustment by pro- 
portioning the lengths of the connector 
arms. Within limits such a clamp would 
be self-adjusting to the span conditions 
which might arise in service. Each 
saddle would be made relatively short and 
there would be little possibility of the con- 
ductor leaving contact with any one of 
the three saddles under vibratory con- 
ditions, thereby minimizing pounding or 
beating of the conductor at the point of 
entry to the clamp. It will be seen that a 
design of this type should permit mint- 
mum flexing of the conductor regardless 
of the phase relation of the vibrations in 
the spans on either side of the clamp. 
This is accomplished by a combination of 
relative vertical movement of the three 
saddles and rotation about the main 
support at the insulator connector. 


In order to obtain approximately equal 
distribution of stress among the strands 
or segments of the cable the centers of the 
outboard saddles were made one-half of a 
conductor lay apart. This distance is 
equal to approximately ten times the con- 
ductor diameter, or 161/, inches. The 
outboard saddles were made 5 inches long 
thus establishing an over-all length of 
211/. inches. In order to give the con- 
ductor the greatest freedom, it was de- 
cided that the clamping action should be 
confined to the center saddle, and that the 
clamp bolts should be located as close as 
possible to the trunnions. 

The fundamental principle of the de- 
sign of the clamp permitted some latitude 
in the distribution of the vertical support 
provided by the three saddles. This 
could be adjusted to a certain extent by 
the ratios of the lever arms between the 
secondary support points and the trun- 
nions of the inner and outer saddles. It 
was believed that the center saddle should 


Figure 12. Corona from a suspension string; 
dry (top) at 600 kv phase; wet (bottom) at 
500 kv phase 


The wet test was made with 0.2 inch per 
minute precipitation on the string and hard- 
ware 


support a larger portion of the total load 
than the end saddles, and after some con- 
sideration of the problem, a distribution 
of 20 per cent for each end saddle and 60 
per cent for the center saddle was selected. 

It was desirable to keep the vertical 
depth of the clamp assembly to a mini- 
mum consistent with good proportioning 
of the clamp parts. The angular relation- 
ship of the connector links attached to the 
lower insulator fitting also had an effect 
on the distribution of the weight sup- 
ported. The desired proportions then 
were analyzed by both graphical and 
analytical methods which gave sub- 
stantially the same results. 

Figure 15 shows a side elevation and 
sectional view of the final design. Figure 


16 shows the clamp attached to an in- 
sulator string without the shield. It will 
be noted that the over-all length was re- 
duced from approximately 34 inches for a 
conventional design clamp to 211/; inches, 
and the net weight was held to ap- 
proximately 35 pounds. All of the parts, 
except the saddles and bolts, are simple in 
design and can be fabricated readily from 
mild steel bars. The saddles may be 
made readily from ferrous or nonmagnetic 
alloys as desired. They may be cast or 
forged depending upon the tooling ex- 
pense justified by the number of clamps 
to be produced. 

An attractive feature of this design 1s 
the friction developed at the various con- 
necting points which, under vibration of 


the conductor, will absorb energy and pro- 
vide dampening. While the clamps 
furaished for the experimental line do not 
provide for more than the natural 
dampening inherent in the connections, 
additional dampening can be afforded by 
several means. 


Corona Shield Assemblies 


When the insulator unit had been 
selected and the clamp design completed, 
consideration was given to the corona 
shields which would be required to 
suppress corona on the insulator assem- 
blies. The proximity of the tower steel 
to the upper end of the insulator string 
made it appear unnecessary to consider a 


Table Il. Corona Observations and Low-Frequency Flashover Data on Suspension Insulator Assemblies 


Simulated Tower 


No. of 
Dry  Insula- Corona Shield Corona Flashover 
or torsin Tube Shield* Corona at 200 Kv to Corona at 290 Kv to Kv to Voltage, Kv 
Nature of Test Wet String Size,In. Position, In. Ground Ground Ground Location to Ground 
TOPE. ext’. 20sec aes None used........Glow at ends of linkage..Violent on ends of.. oe ™ ee eee rom om. se 
; .... Disappears around pin 
bolts on clamp linkage bolts and Brie aint 
trunnions of clamp 
saddles. Glow 
around pin of line 
unit 
325....Disappears from con- 
GUGCOEs 2F 25156 ae ike oe 975 
Corona and flashover / Dry...... 20s een Zi eeae Say Qe eae i sais None.. Nonesencs i 4ne 425.... Disappears from 
shield 
50C0.... Disappears around pin 
of top unit 
DEY as ke 2On eae PASER Sau (elaine orl EPL seas None. INORG? soba cisen es Saine as abOVes .. eenca i teaes ape ces 975 
DEV cons 20 2 pean ceva saat atocerete-te cots None None . pbeme as abOVes o4.55:00 44 see see. oe 
DEY cei: 20 Qe see shoes ecru aimee irene § NOTES Nie tite cibradatine Sake None (i) £ Same as above. 4.56% pe eee 962 
Dryecins: QO iene eoire 2 sr ote RA AEE NOR ae INGE Gig en cates es NONE 22%). o.08 ts Saie-dS abOve.:.i..cc.o:2 ike ee ae 
940 
EDtyiie. ke 7 Hn eave PERI EPL ESE Ox NOTE gakencrs iol Sistas 5) ova None Same-as-above: (i.ohois dora 982 
Blashover..).00. ise. 25.06% Diy sscses 20 eae we YER CS ie Cr en eg hc ee Ea. ages Bag stots a ow hug wat Ros Fue, GP wae e On ea w or tae wa renee { 1,000 
965 
DEY eles 22 WA QA OE Me Ne oh INONG: oss wees on castes, INONGS. hte eae 425....Intermittent on con- 
ductor shield ... 634. hs. 980 
450....Continuous on con- 
ductor and shield 
500.... Appears around pin of 
top unit 
Wetriicciz BO eae Senet None used........ Soft glow on bolt and..Violent from clamp.... 80....Disappearsfromclamp.... 683 
connector straps. bolt ends, trunnions, 95....Disappears from con- 
Appreciable on water connector straps ductor 
drops underside of and conductor 215....Disappears from insu- 
conductor lator 
Wet $45 0 euiely sce Dieta xaveaite Qe cee ee te BCE Shure. ie fh le ide alsa Suse WV OS ie corn ob ae 75....Intermittent feeble 
glow from water 
drops under side of 
shield and conductor.... 650 
Corona and flashover } Wet.....22....... Digitales Oi -raeie-atoa rateies Yes. Yes ...100....Soft intermittent glow 
on shield and con- 
GUCEOF fiw <a eine wets 731 
Wet teran. 2olomewnrs OE aS 0 BCE ry teat aa Noi a wick Yes ..200.... Disappears from con- 
ductor... 8 0 sas oe ee OO 
200-300. . Disappears from shield 
500....Disappears from top 
and middle of insu- 
lator string 
Wet . 22 Scene Ce ay ee eect EEA rhc a sts Hie “de Fore ot MEBs nea ..100....Softintermittent glow 
from water drops 
underside of con- 
ductor and shield....... 721 
225....All along underside of 
conductor at water 
drops 
Wiel tires ois an ee aaa ea raat ceelitie atars PACS teeth Secunda Ste aes GOS pitas eae 200....Soft glow at water 


drops underside of 
conductor and shield 


*Shield position is denoted by referencing the level of the extreme upper tips of shield with respect to lowest point of outer skirt of the Insulator unit next tothe line. 


timmediately after turning off artificial rain. 
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MICROVOLTS AT 1000 KC. 


PHASE VOLTAGE KV 


Figure 13. Radio influence voltage charac- 
teristics of a 2-inch-diameter tube 


For the dry test the radio influence voltage was 
from the test circuit. For the wet test electric 
overstress was at water drops on the tube 


corona shield at this point. The shielding 
problem therefore was confined to the 
lower end of the insulator string. A con- 
sideration of the problem indicated that 
shields for the suppression of corona 
should be made of pipe or tubing having 
an outside diameter slightly larger than 
that of the conductor because of the 
greater proximity of the sides of the 
shield to the tower structures. 

A shield 30 inches wide by 42 inches 
long was decided upon for the initial 
installation. This, it was believed, would 
afford the required grading effect on the 
long insulator string, and minimize 
corona from the shield itself in the 
operating voltage range projected. 
Based on previous experience with shields, 
it was decided that it should be placed 
relatively low on the insulator string, 
approximately level with the skirt on the 
line unit, and would produce the desired 
erading effect with minimum reduction in 
flashover values. Except for the reduc- 
tion in clearances to the tower, it would 
have been desirable to make the ring 
circular but in the tower design an allow- 


Table Ill. Corona Observations and Low-Frequency Flashover Test Data on Double Strain Insulator Assemblies 


No. of 
Insulator 
Units Tube 


Nature of Test Per String Size, In. 


Corona Shield 


LEAKAGE CURRENT 


Onl o UFES 4). 9B Sg 
TIME IN MINUTES 


Figure 14. Leakage current record of a con- 
taminated suspension insulator string in mist 


About 10 kv per unit was impressed on the 
string 


ance of 15 inches from the center line of 
the insulator towards the tower had been 
provided for the shield. The width 
therefore was kept arbitrarily to this 
figure. Space was not so limited in the 
direction of the line. Therefore, the 
shield was made oval with a major di- 
ameter of 42 inches. This afforded a 
shield of good proportions, and of a size 
to produce satisfactory improvement in 
voltage distribution on the string. The 
shield was dished upward 21/4, inches at 
the ends to induce any arcs which might 
form from lightning causes to initiate at 
these points farthest from the insulator. 
In order to afford corona suppression on 
the clamps a novel means of supporting 
the shield was devised. For simplicity in 
design and to obtain minimum weight, it 
was desirable to build thec lamps from 
parts with minimum sections which 
would not be corona-proof in themselves. 
Neither was it desirable to provide large- 
radius edgesonthese parts. The mechani- 
cal support for the shield therefore was 
arranged so as to envelop the clamp in a 
mesh made up of pipe of the same di- 
ameter as the shield itself. This was ac- 
complished as indicated in Figure 17, 
which shows the shield assembly in eleva- 
tion and an end view enveloping the 
clamp. Figure 18 shows the complete 
lower end assembly for the suspension 


Figure 15. Final design of the articulated | 
multiple saddle suspension clamp 


string. Figure 19 is a view of a 22-unit 
suspension string complete. 

Experimental shields were built to this 
design of 2-inch-diameter and 3-inch- 
diameter steel tubing of all-welded con- 
struction. The shield was supported from 
the socket connector between the lower 
insulator unit and the clamp to avoid the 
addition of the inertia of the shield to 
that of the clamp. Preliminary test 
shields were made with the height of 
the ring portion adjustable for determina- 
tion of the optimum location. 

Shields for the dead-end insulator as- 
semblies were constructed on the same 
principle as those described for the sus- 
pension strings. The considerations in- 
volved were almost identical with those 
for the suspension strings except that 
tower clearance was not such a critical 
factor in their construction. The strain 
clamps which were furnished by the con- 
ductor manufacturer will be described by 
others, but it was believed they also 
should be shielded to suppress corona 
formation in a manner similar to that pro- 
vided for the suspension clamps. Ac- 
cordingly, two detachable shields were 
arranged to enclose the strain clamps and 
these were bolted to the main ring sup- 
ports. The double strings of insulators 
were joined at the ends by conventional 
forged plate yoke assemblies furnished 
by the Brewer Titchener Corporation. 
On account of the length of the strings 
which it was proposed to use, the spacing 


ane 


Corona Observation; Corona Shield and Clamp Corona Observation; Corona 


Shield in Place 
Shield* Kv to 


Position, In. Ground Location 


Shield Only, No Clamp Shield Pjashover 
Kv to Voltage, Kv 
Ground Location to Ground 


Se rt iee eae aes ne a eis De de eer OE err ee ee ae Coe Ts 


BOs ecco CaM eg None used.... 200....Glow on heads of keys of socket clevises 
: connecting lower yokes to insulators 
Covonw and dio asiiover yee a a 2 | arom ee grwnnta 395... Ring part:of main shields ica .d..6 ci oe pe sinletagels loserme ermneno a ronseie mien 1,060 
. “4 re eat EN a ee Qhotcc tect 305... ..Ring part’of main shield. soc. <4. ove oe fae eee 1,170 
24.. Dieta ey cake Oak ae 415... ..Ring part of main shields oi)... oi 0 fe ois aio (olleiaitye  econeve) shore, sea oureesoeneeenene 1,210 
DG ihe-scvnctee’s AOI Preto 0 ..395....Ring part of main shield...... ..... Beyond limit 
of test 
equipment 
20). 2 eG ...380....Ring part of shield it 
orona I ST SS. 2 ees ...375....Ring part of shield 
i ia Sp ee ae 2 Rel) RU en RAED ES tia apne eer Pete Le Pace CRE Ta DC ksi ES 375....Ring part of shield 
26% 2 Og eg eet ee ea oh Se Te oe ot ee a oa alfa ar Rut es ay ans leah elon eucenronenks pelsectcs 385....Ring part of shield 


*Shield position is denoted by referencing the level of the extreme upper tips of shield with respect to lowest point of outer skirt of the insulator units next to 


line. 


/Flashover voltage not measured. Clamp shield does not affect flashover distance. 
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the 


‘Figure 16. View of the suspension clamp 


supported by an insulator string 


between the insulator string centers was 
increased from the usual dimension of 13 
inches to 16 inches. The yokes were pro- 
vided with means for attaching the 


corona shield assemblies. Figure 20 illus- . 
trates the outer end of the dead-end 


assembly. Figure 21 is a view of the outer 
end of the same assembly. 


Test Results 


When the designs described in the fore- 
going paragraphs were completed, sample 
clamps and shields were made up for tests 
and investigated prior to the production 
of the quantities needed for equipping the 
circuit in the field. Both suspension and 
strain strings then were set up in the 
Locke high voltage laboratory for deter- 
mination of corona formation voltage and 
flashover voltage. The suspension 1n- 
sulator was supported from the center of a 
beam 33 feet 91/, inches long, representing 


‘the length of the crossarm on the tower 


between the upright supports. A 9-inch 
width of the sheet metal was fastened to 
the under side of this beam and similar 
strips of sheet metal 20 feet long were 
attached at the ends, representing the 
effect of the window for the center in- 
sulator position on the tower. Figure 221s 
a view of a low-frequency flashover of a 
22-unit suspension string complete, set up 
in the simulated window of the tower. 
For the suspension strings a 16-foot 


Figure 18. Close-up view of the line end 
assembly of the suspension insulator string 


length of 2-inch-diameter smoothly gal- 
vanized steel tubing was mounted in the 
clamp to simulate the conductor. On the 
dead-end assemblies a short length of the 
actual 1.65-inch-diameter hollow-core 
cable was attached to the strain clamp 
representing the conductor extending into 
the span while a 10-foot length of the 
same conductor was: formed and sup- 
ported in such a manner as to ULES the 
jumper loop. 

Corona formation voltage and low- 
frequency flashover tests were made on 


several different days in order to get a 


range of atmospheric conditions. Tests 
were conducted on suspension strings of 
20, 21, and 22 units. The results of these 
tests are shown in Table II. 
Low-frequency flashover tests also were 
made on the dead-end assembly on strings 


of 22 and 24 units in length, while corona 


formation voltage tests were made on the 
same string lengths of 22, 24, and 26 
units. The results are shown in Table III. 

It will be noted from Table II that 
when the suspension string was tested 
without the corona shield under dry con- 
ditions, corona was observed at values as 
low as 150 kv line-to-ground, while the 
lowest value at which corona was ob- 
served with the shield in place was 325 kv 
to ground. At this value of voltage 
corona appeared consistently on the 2- 
inch-diameter pipe conductor used in 
these tests to simulate the line conductor. 
The lowest point at which corona could be 
seen anywhere on the insulator string and 
associated fittings under dry conditions 


Figure 17. Corona 
shield assembly 
showing the suspen- 
sion clamp enve- 
loped in the shield 
support 
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was 425 kv to ground. At this voltage 
intermittent corona was observed on the 
corona shield. As the voltage was raised 
beyond this point corona was observed 
next around the pin of the top insulator in 
the string adjacent to the simulated 


structure at 500 kv. In each test the- 


string was observed closely for corona at 
200 kv and again at 290 kv, respectively, 
to ground, and no corona was visible. 
Under wet conditions a very faint glow 
could be discerned from water drops on the 
conductor and the shield at values as low 
as 75 kv to ground. This was a very soit 


glow, however, and did not break into 


active corona until voltages of 200 and 
225 kv to ground were reached. No 
corona was visible on the insulators them- 
selves under conditions up to 500 kv. 
Tests on the dead-end assemblies showed 
that without the corona shield in place 
corona formed on the cotter keys of the 


Figure 19. Close-up view of a complete st sus- 

pension insulator string consisting of 22 insu- 

lator units with clamp and shield assemblies in 
place 


and of the insulator strings 


socket clevises on the line» 


at 200 kv. With the cor- 
ona and clamp shields in 
place, corona was observed 
to start from the upper 
side of the main corona 
shield uniformly at 395 kv 
regardless of the length of 
the strings. 

Tests also were made 
with the clamp shields re- 
moved and corona on the 
clamp itself was observed under this con- 
dition at 10 and 20 kv lower voltage, in- 
dicating that some benefit was being ob- 
tained from the clamp shields. The tests 
showed no appreciable benefit to be derived 
from making the shield of 3-inch-diameter 
tubing. Higher positions of the ring gave 
no added improvement of the perform- 
ance level with the bottom skirt. All 
flashover values measured were corrected 
to standard atmospheric conditions 1n ac- 
cordance with AIEE Standard 41, 1944 
(American Standards Association C-29.1, 
1944). Impulse flashover tests and radio 
influence voltage measurements would 
have been of much interest but equip- 
ment of the required. capacity is not 
readily available. 


Conclusions. 


1. A new type of suspension clamp for 
large diameter conductors was developed 
and from the investigation made to date, it 
appears to be practical, resulting in a reduc- 
tion in length of substantially 40 per cent. 
A similar reduction in weight and inertia 
was accomplished. An extremely flexible 
means of support of the cable also was 
accomplished which is self-adjusting to 
varying span conditions. 

2. A corona shield, involving novel means 
of support, completely shielded the hard- 
ware at the lower end of the insulator string 
so that the corona voltage under all condi- 
tions tested was at least as high on the insu- 
lator string and its associated fittings as 
could be obtained on a 2-inch-diameter 
steel-tube conductor. The tests indicated 
that the 2-inch-diameter material for the 
corona shield gave adequate corona suppres- 
sion and that the 3-inch-diameter tubing 


was not justified. 


3. Tests without the corona shield indicate 
that corona would be very difficult to sup- 
press by other means at values above 150 kv 
to ground, which would be far below the 
corona formation voltage of the conductor. 


4. Under wet conditions corona Bstarts 
from water drops which form on the under 
side of the shield and conductor. The insu- 
lator string, shield, and clamp, however, are 
equal to the conductor in performance in 
this respect. 

5. It appears that corona suppression can 
be accomplished.on long strings at high 
voltage without appreciable effects on the 
flashover voltage values. 


6. Asaresult of the tests and investigation 


Figure 20. Details of the line end of double 
strain insulator assembly 


on this project, it is believed that satis- 
factory operation in the voltage range 
between 345 and 500 kv will be obtained. 
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NUMBER of factors entered into 

the selection and installation of con- 
ductors for corona determination on the 
500-kv test project of the American Gas 
and Electric Service Corporation at 
Brilliant, Ohio, described in companion 
papers.1~§ These included conductor 
conductance, outside diameter, exterior 
surface contour, spacing, and’ material. 
In. addition to the characteristics of the 
conductors themselves, careful considera- 
tion was given to the method of installa- 
tion. 


Conductor Sizes and Types 


In selecting conductor conductance, a 
figure of 650,000 circular mils copper 
equivalent was selected as a lower value 


-which it was believed would be needed in 
the foreseeable requirements for high- 
voltage transmission above present volt- 


age levels. Since a conventional conduc- 
tor of this conductance would have a di- 
ameter in the order of one inch, it readily 
follows that a conductor design suitable 
for voltages in the order to be tested (264 
to 500 kv) would be, for economy reasons, 
of an expanded type, that is, basically a 
cylindrical shell of conducting material 
with any necessary interior filling merely 
for structural purposes to obtain the re- 
quired outside diameter. 

In selecting conductor outside diame- 
ters, a range from 1.4 up to 2 inches was 
chosen. Considerable data are avail- 
able? on corona dry-weather characteris- 
tics of conductors which make it desirable 
to ‘‘check test’’ at least one of this type of 
conductor with the instrumentation used 
in this test. Therefore, in addition to the 
larger conductors of 1.65- and 2.0-inch 
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outside diameter, a 1.4-inch outside diam- 
eter, type HH conductor will be used for 
check purposes. The 2-inch outside di- 
ameter was about the maximum limit of 
outside diameter which was considered 
feasible to make, install, and operate. 

Corona data on this range of conductor 
sizes (1.4-, 1.65-, and 2.0-inch outside di- 
ameter), it was believed, would give the 
necessary correlation for any intermediate 
sizes of single conductors which might be 
used in practice. 

In addition to these single conductors 
selected, the so-called ‘bundle’ or 
grouped conductor will be tested with in- 
dividual conductors ranging from 0.70 to 
0.92 inch in diameter and with from two 
to four conductors per phase wire. 

Some of the salient features of the line 
conductors which it is planned to test are 
shown in Table I. 

It is planned that the conductors to be 
tested will remain exposed throughout all 
of the weather conditions to which the 
line is subjected. During the course of 
the tests some of the conductors will be 
replaced with other types. Records will 
be kept not only of the corona loss read- 
ings but also of the weathering of the 
cables and any other factors which might 
affect the over-all corona loss. 


Field Erection of Conductors 


It was believed desirable to string the 
conductors in such a manner that they 
would be kept off of the ground during the 
stringing operation since it was desired to 
keep them clean and free from abrasions 
which might occur if they were allowed 
to be pulled along the ground during erec- 
tion. Where it was possible for small 
sections of the conductors to touch the 
ground, while making dead-end connec- 
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tions, the cables were supported on planks 
(Figure 1), 

The cables were pulled out directly 
from the cable reels, a braking device 
being used on the rim of the cable reels 
(Figure 2). This was supplemented in 
some instances with a cable drum at- 
tached to the side of the reels. Since it 
was desired to limit the tension of the 
cable in the stringing operation, particu- 
larly with a view of preventing damage to 
the cables by pressing them too tightly 
in the reels during the pulling operation, 
intermediate poles were set up between 
the towers (Figure 3) so as to limit the 
tension required in pulling out the cables 
and still keeping them off the ground. 
Forty-inch-diameter cable sheaves were 
attached at the towers and at the inter- 
mediate poles to support the cables. In 
planning a setup for cable installation on 
a long line, it no doubt would be desirable 
to use a tensioning drum ahead of the 
cable reel so as to allow the pulling out of 
the cable without the necessity of in- 
stalling intermediate structures. 


Since the conductors were installed 
without allowing them to come into con- 
tact with the ground, it is not planned to 
wash or clean them. They therefore will 
be in the same condition as conductors 
on an operating line where it might prove 
uneconomical to take elaborate steps 
to clean them. 

A description of the conductors and 
their characteristics and fittings is de- 
scribed hereinafter in sections IJ, III, and 
IV by engineers of the General Cable 
Corporation, Anaconda Wire and Cable 


Company, and the Aluminum Company 


of America, who furnished the conductors 
for the test insulation. 


Paper 47-244, recommended by the AIEE commit- 
tee on transmission and distribution and approved 
by the AIEE technical program committee for pres- 
entation at the AIEE Midwest general meeting, 
Chicago, IlJl., November 3-7, 1947. Manuscript 
submitted August 19, 1947; made available for 
printing September 19, 1947. 


E. L. PETERSON is transmission engineer, American 
Gas and Electric Service Corporation, New York, 
N. Y.; D. M. Stmmons is vice-president in charge 
of research, General Cable Corporation, Bayonne, 
N. J.; L. F. HickeRNELL is chief engineer, Ana- 
conda Wire and Cable Company, Hastings-on- 
Hudson, N. Y.; M. E. Noyes is manager, elec- 
trical conductor division, Aluminum Company of 
America, Pittsburgh, Pa. 


Section Il. Conductors Supplied 


by the General Cable Corpora- 
tion* 

If lines of higher voltages than now 
used are to be justified economically, the 
design and the operating characteristics 
of the conductors become increasingly 
important. .For the transmission of 
electric energy in the higher voltages, 
conductors of relatively small areas are 
desirable. With the higher voltages, 
however, corona loss becomes increasingly 
important as the voltage is raised and 
to reduce this loss, conductors of greater 
diameter are required. For most efficient 
line operation it is essential to have avail- 
able conductors of small area and of large 
diameter. This is practically the defini- 
tion of a tube, and thus a tubular can- 
ductor offers an ideal solution of the ae 
lem. 

Type HH conductors supplied by the 
General Cable Corporation for the tests 
are tubes composed of spiralled segments 
having lateral tongues and grooves which 
interlock by means of the enlarged tip of 
the tongue and a correspondingly shaped 
groove. These conductors are readily 
manufactured in the long lengths re- 
quired for transmission and are flexible 
since the segments are free to move lon- 
gitudinally under controlled conditions 
when the cable is bent. 

This type of conductor therefore is suit- 
able not only for experimental work, but 
has proved in service its adequacy as a 
practical line conductor meeting all 
Service requirements. 


Type HH Cable Characteristics 


Type HA construction makes possible 
a cable of maximum diameter for a given 
cross section, or conversely, a minimum 
cross section for a given diameter. Being 
of hard-drawn copper, the conductor has 
excellent strength. As it is composed of 
curved flat interlocked segments, it is 
unusually rugged and stands mechanical 
abuse incidental to erection and operation 
to a remarkable degree. Because of its 
smooth surface, it has a low corona loss.” 

Three sizes of type HH cable were 
supplied for this experimental test line 
as follows: | 


1. For one of the 1!/;-mile test lines, 1.65- 
inch-diameter 650,000-circular-mil cable. 


2. For the substation where the connec- 
tions are quite complicated and where in- 
strument leads had to be shielded from the 
transformers to the three test lines, 2.0-inch- 
diameter 1,030,000-circular-mil cable was 


* By D. M. Simmons. 


supplied. Additional cable of this size has 
been supplied for use on the 800-foot test 
line. | 


3. For the 800-foot test line, 1.4-inch- 
outside-diameter 512,000-circular-mil cable, 
identical with that used on the Los Angeles— 
Hoover Dam 287-kv lines has been supplied. 
This will make possible a comparison of 
corona measurements with the earlier meas- 
urements at Stanford University. 


The characteristics of these cables are 
shown in Table II. 

Figure 4 shows scale drawings of the 
cross sections of the three cables. 

In addition, 5,000 feet of measuring 
wire were supplied. This measuring lead 
was single conductor number 10 strand, 
insulated with 0.075 inch of brown poly- 
ethylene with a bare copper braid of 
number 33 American wire gauge copper 
wires over-all. This measuring lead ex- 
tends from each conductor of each of the 
three test lines to the three instrument 
cases. A very unusual method of shield- 
ing this conductor was used in that the 
conductor was placed inside the 2-inch 
HH bus cables in the substation as 
described in one of the companion papers. 


Past Applications 


The practicability of type HHA conduc- 
tors for the higher voltage lines has been 
demonstrated fully over years of actual 
service and many thousands of miles of 
conductor. This type was first employed 
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in the United States on the 287-kv Los 
Angeles-Hoover (then Boulder) Dam 
lines in 1935 and since that time has been 
used on lines of various voltages and sizes 
down to 4/0 American wire gauge 0.650- 
inch outside diameter operating at 138 
kv. The investigation of this type of 


conductor on the experimental lines is | 


therefore solely one of determining corona, 
rather than mechanical characteristics. 


Installation 


The 2.00-inch conductor installed in 
the substation consists of busses ranging 
in length from 104 to 306 feet exclusive of 
insulator strings. Dead-ends or strain 
clamps were attached to the cables before 
they were raised and no special precau- 
tions were taken in handling. 


On the original setup on the mile and a 
half test lines, the 1.65-inch-outside-di- 
ameter conductor was installed on line 1 
in two spans, one of 840 feet and one of 
1,135 feet. The first section extended 
from the dead-end at the substation to 
the second tower where it was dead- 
ended. From the second or angle tower it 


runs along a tangent line of five additional | 


towers having spans of 1,120 feet, 1,090 


Figure 1. Conductors held off ground by 
planks laid under the cable 


feet, 1,070 feet, 1,000 feet, and 1,040 feet. 

The conductor was strung under ten- 
sion, free of the ground, and was pulled 
by means of the usual Kellems woven 
wire grips which passed readily through 
the special stringing blocks. Preparatory 
to and during sagging, the conductors 
were held by come-alongs normally em- 
ployed for that purpose. 


Accessories 


The dead-ends (strain clamps) used in 
both the substation with the 2.00-inch- 
outside-diameter cable and on the line 
with the 1.65-inch-outside-diameter cable 
are of the compression type as illustrated 
in Figures 5 and 6. Figure 5 shows the 
dead-end for the 1.65-inch conductor. 
The dead-end for the 2.00-inch conductor 
is similar except for size. These are de- 
signed to have an electrical resistance less 
than that of the cable and a strength of 
not less than 95 per cent of the rated 
strength of the conductor. Similar fit- 
tings have been supplied for use on the 
1.4-inch and 2.0-inch cables which will be 
installed on the 800-foot test span during 
the course of the test. | 

The nonferrous fittings are applied by 
means of a suitable hydraulic press such 
as usually employed for transmission 
conductors. 

The dead-ends may be used with or 
without the jumper connections as best 
suits conditions and are so constructed 
that the members to be compressed on 
the conductors may be detached from 
the body of the fitting for easy handling 
during application to the conductor. 

The connector splices used on the 1.65- 
inch-outside-diameter cable were designed 
to be separable to permit the conductor 
to be handled most readily if it should be 


Figure 2. Type HH 
1.65 -inch - outside- 
diameter conductor 
being strung in the 


field 


Note brake on drum 
reels for controlling 
conductor tension 


desired to remove it from the line and 
later reinstall it. 


Section Ill. Conductors Supplied 
by the Anaconda Wire and 
Cable Company* 


Several types of conductor construc- 
tion which might be suitable for this 
project were considered. After extensive 
preliminary studies, two distinct types 
were offered and supplied 


Type I—Conventional hollow conductor, 
one conductor per phase. 


Type II—Grouped hollow conductor; two, 
three, or four conductors in parallel per 
phase. 


Single Conductor 


The single conductor per phase (type 
1) hollow conductor is 1.65-inch outside 


* By L. F. Hickernell. The author is indebted to 
many of his engineering associates who have par- 
ticipated in the investigation, design, and develop- 
ment work and in the preparation of this paper. 
Specific acknowledgment is made to A. A. Jones 
(M’46), J. E. Talbott, E. W. Greenfield (M ’37), and 
B. M. Pickens (A’27), all of the Anaconda Wire 
and Cable Company. 
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diameter, Anaconda design 966. It con- 
sists of a single layer of round copper 
wires stranded over a twisted I-beam core. 
Conductor characteristics are given in 
Figure 7. The conductor diameter of 
1.65 inches was chosen by agreement 
among all interested parties. It is inter- 
esting to note that for a 1.0-inch-diameter 
conductor operating at 220 kv, the corona 
initiation voltage is about 83 per cent of 
the operating voltage. On the same ba- 
sis, the 1.65-inch-diameter conductor 
would be suitable for operation at 400 kv. 

This conductor is being furnished for 


these tests to obtain accurate and com- | 


parable data under practical field condi- 
tions of installation, aging, and weather, 
regarding the effect on critical corona 
voltage and corona loss of 


1. Copper versus aluminum. 


2. Round wire stranding versus so-called 
smooth conductors. 


Figure 8 shows conductor design 966 
which is of the same I-beam construction 
that has been used in large quantities 
throughout the world since 1925. Design 
966 has a larger diameter than other de- 
signs usually encountered, because of 
extrapolation into the higher voltage 
field, but successful I-beam cables two 
and more inches in diameter have been 
fabricated and used. 

Dead-end assemblies and connectors 
are of the conventional Anaconda drawn- 
seamless type, which have been used on all 
types of copper conductors since the early 
1920’s. These are installed on the con- 
ductor by means of a portable draw- 
bench. In this operation the copper tub- 
ing of the fitting is drawn through a split 
die, thus effecting the radial pressure. 
For I-beam conductor no fillers are re- 
quired within the hollow structure since 
the I beam plus the arch effect of the con- 


Figure 3. Intermediate wood poles set be- 
tween towers in the cable stringing operation 


in the field 


Cable is run through 40-inch stringing block 
| at the top of each pole 


Table |. Line Conductor Characteristics 
Ee ea res 


Outside 
Item Diameter, Circular Exterior 
No. In. Material Mils Core Surface Manufacturer 
pee oe ee 
Teen era Of7 0 ccd: Coppéets..- - 211,600- ., Copper I beam, Strand... Anaconda Wire and Cable Com- 
pany 
etn oa ONO2 yo canes Copper..,. 321,600 ... Copper I beam... Strand... .. Anaconda Wire and Cable Com- 
pany 
Sitrike.s fee Ole 05:4 2 Copper... 512,000 =. Air—hollow... 2x..'. Smooth**, ,General Cable Corporation 
a ene i eal 75 eae Copper:-..... 660,000... Ait—holiow:.... Smooth**, . General Cable Corporation 
i ae eee } os peered Copper --508901500),...01 beat. e<ca: Stratid: os; Anaconda Wire and Cable Com- 
pany 
Dieees ‘Twa: so ACSR...1,062,800{. .Steeland paper..Strand..... Aluminum Company of America 
Vince ateisis 2 OOM s 0%. 04 ACSR 991,500. .Steeland paper..Strand..... Aluminum Company of America 
eee DiC Ghia 6 es Copper...1,030,000 ..Air—hollow...... Smooth**, .General Cable Corporation 


Dice's OL S1 Gta es ACSR S34 


159 OOOF oe mutes 


PEE consti Strand.....Aluminum Company of America 


* To be used as grouped or ‘‘bundle’’ conductors in groups of two, three, and four. 
** Type HH. + Used as ground wire. { Circular mils of aluminum. 


centric layer of wires provides sufficient 
resistance to withstand the radial pressure 
without crushing the conductor. Rated 
conductor strength is obtained. 

Figure 9 shows the dead-end connector 
assembly for conductor design 966. 


Grouped Conductors 


While the grouped-conductor construc- 
tion (type IT) is not a new idea, it has not 
been used commercially as yet in the 
United States for power transmission pur- 
poses. However, the Anaconda Company 
has had extensive experience with this 
type of construction in connection with a 
number of high-power radio-frequency 
antennas which have been built for the 
United States Navy during the past 15 
years. Since it presents interesting pos- 
sibilities for increasing power capacity 
and reducing corona and power losses, 
several variations using hollow conduc- 
tors, designs 954 and 923 (see Figure 7) 
are being furnished for these tests to pro- 
vide data regarding effect of 


1. Two versus three versus four conductors 
per phase. 


2. Corner radii, that is, individual conduc- 
tor diameter. 


3. Interaxial spacing of individual conduc- 
tors in the group. 


Early Experiments 


Early investigations of corona initia- 
tion voltage and loss on bare transmission 


line conductors suggested theoretical and 
practical advantages in splitting large 
conductors into groups of smaller sub- 
conductors. In 1910-1911, J. B. White- 
head®® arranged conductors at the same 
potential in the form of a triangle and a 
square. He found an increase in corona 
initiation voltage of 16 per cent for the 3- 
wire group and 20 per cent for the 4-wire 
group over that of a single conductor of 
equivalent total cross section. 


In 1915, F. W. Peek, Jr., 9 described | 


more extensive tests on subdivided con- 
ductors at the same potential. He inves- 
tigated 2- and 3-wire groups arranged in 
various configurations and spacings. He 
found that grouped subconductors in- 
variably increased the corona initiation 
voltage over that of a single conductor of 
the same cross section. The amount of 
increase was found to vary with separa- 
tion of the component subconductors, 
their configuration, the distance to 
ground, and the spacing between phases. 
For the 2-wire group, he obtained a maxi- 
mim increase in corona initiation voltage 
of 5 per cent; for the 3-wire group, he 
obtained 20 to 30 per cent. 


Theoretical Investigations 


Theoretical investigations of the poten- 
tial gradient about a group of equipoten- 
tia] conductors spaced at distances large 
in comparison to conductor radii were 
made by O. Burger™ in 1922. Later, in 
1932, when design considerations were 


Table Il 

Opiside diameter. menes ir. fence oes SS Fe Ls Sh ace ae ee 1.65 ‘525 00 ...1.40 
WHI DEE“OP- SERINGRNTS ooo or eidic oaths eds Whee Soci eekia tee GAs Sin Oi ea Se Oa 12 ec12 sea0 
Area 

eC ar Its 3 Se ee 8 8 NG eh ae oe cate a ohne cae Oe oes 650,000 ..1,030,000 ...512,000 

Sctiahe InOHes ios kl oats cece 8 toe wt owt ats BAe levee oars iw Beis) ie eee 0.5105 ..0.8090 «2084021 
Wi eiznt, pounds) per 1000 feet. 2. pe% 4.5 Geeks wid ia ws ea we 1,987 - 3,159 Perey 51618) 
IBRea Rite. Strengen, POUNGS 5462.6. o cn foaled Stone. Giatereme alee lense eM oteuapale 28,070 . 43,686 dia ces; LLO 
Modulus of elasticity, pounds per square inch...............0000- 16. 5X<.1068 2 -16..556108. 7.16.55 108 
Coefficient of linear expansion per degree fahrenheit............... 0.0000094 ..0.0000094. ..0.0000094 
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being reviewed in connection with trans- 
mission of large blocks of a-c power at 400 
kv, a fairly comprehensive study of this 
type of conductor was made by G. 
Markt and B. Mengele!? for Siemens- 
Schuckertwerke. 


They concluded that the use of grouped 
conductors increases the corona initiation 
voltage and also increases the power 
which can be transmitted. It is shown 
that the effective radius of each phase 
conductor can be increased greatly by 
subdivision of the usual single conductor 
into grouped conductors. Data are pre- 
sented which show that for typical cases 


Four 0.493-inch (approximately 4/0 Ameri- 
can wire gauge) cables arranged in a 10-inch 


re 


a 


<= |,40" 0.0, ——_—_—_> 


PERS 


5 


ee 1.05) 0D eee 


—<—__—_—_—— 2.00"0.D. 


Figure 4. Cross section of 1.4-, 1.65-, and 
2.0-inch-outside-diameter type-HH cables 
supplied for the Tidd 500-kv test lines 


- CLEVIS PLATES 


JUMPER TERMINAL SLEEVE 
COMPRESSION MEMBER 
ATTACHED TO CLEVIS PLATES 


square are equivalent in corona initiation 
voltage to a single hollow conductor of 1.18- 
inch diameter. 


Four 0.493-inch cables arranged in a 10- 
inch square as compared to a single 11/- 
inch conductor when installed on a double- 
circuit 220-kv 3-phase line with 21-foot 
phase separation will result in reduction of 
the characteristic impedance (368 to 242 
ohms) and increase in power which can -be 
transmitted (44 to 66 megawatts). 


Foreign Experiments 


A symposium of five papers? on the 
subject of transmission of alternating 
current at extra high voltages using 
grouped conductors was published in 
1942 by Siemens-Schuckertwerke. These 
papers are quite comprehensive and cover 
the entire subject, including a detailed 
theoretical analysis of power transmission, 
current distribution, field distribution, 
corona losses, arc extinction under fault 
conditions, power capacity, installation 
equipment and procedures and operating 
experiences during the severe winter con- 
ditions.* Of particular interest is the 
rigorous development of equations for 
calculating capacitance, inductance, and 


* An English translation has been made by Doctor 
F. Florschutz of the Westinghouse Electric Corpora- 
tion (part I) and Doctor L. F. Roehmann of the 
Anaconda Wire and Cable Company (parts II to V). 
These parts are: 


I. ELECTRICAL FUNDAMENTALS OF BUNDLE CoN- 
puctTors, W. V. Mangoldt. 


II. CoRONA BEHAVIOR OF BUNDLE CONDUCTORS, 
F. Busemann, W. V. Mangoldt. 


III. Power Capacity oF BUNDLE CONDUCTOR 
TRANSMISSION LINES, W. V. Mangoldt. 


IV. BUNDLE CONDUCTORS IN WINTER, A. Buerklin. 


V. INSTALLATION OF BUNDLE ConpucTors, G. 
Markt, F. I. Kromer. 


_CONDUCTOR ‘DEAD END SLEEVE 
COMPRESSION MEMBER 
ATTACHED TO CLEVIS PLATES . 


SECTION AT 
AA | 


Figure 5. Strain clamp (dead-end); com- 
pression type for 1.65- and 2.0-inch type-HH 
conductors 


LEPT SEGTION 
COMPRESSION MEMBER 


corona initiation voltage for grouped 
conductors. It is concluded that for 
400-kv transmission the most favorable 
form is a 4-conductor group with sub- 
conductor diameters between 0.826 and 
1.0 inch and subconductor spacings be- 
tween 15 and 20 inches. 

A later publication!’ from Siemens- 
Schuckertwerke was dated September 
1945. In this publication, a comprehen- 
sive survey of the entire high-voltage long- 
distancetransmission picture in the lightof 
German practice and latest thinking, it is 
stated categorically that a-c transmission 
at 400 kv and above can be accomplished 
economically only through the use of 
bundle (‘‘multiple,” “grouped,” “split,” 
and so on) conductors. For the proposed 
German Rhine-Westphalia Power Cor 
poration 400-kv 3-phase 50-cycle system, 
grouped conductors consisting of four 
subconductors per phase per circuit ar- 
ranged at the corners of a square, 15.75 
inches on a side, were adopted with con- 
ductor sizes ranging from 365,000 to 
420,000 circular mils. 


Tidd Experiments 


In order to obtain experimental data 
upon which to base a determination of 
the optimum number, diameter, and spac- 
ing of cables when grouped, it is planned 
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COMPRESSION MEMBER 


to make preliminary investigations with 
installations on test span 3. These 
investigations will include alternative 
atrangements with two, three, and four 
conductors of two different diameters and 
spacings of 6 to 18 inches. 

To effect these changes in number, 
spacing, and configuration of conductors 
with facility, special hardware has been 
designed and fabricated. It consists of 
adjustable dead-end assemblies for the 
conductors and adjustable spacers to 
maintain separation of the conductors in 
the span, if necessary. 


Figures 10 and 11 show the adjustable — 


dead-end assembly which is designed to 
hold the conductors in symmetrical ar- 
rangement and provide means for vary- 
ing the spacing. The adjustment may be 
made under tension and cables may be 
added or removed without lowering the 
insulators. The individual conductors 
have conventional-type drawn dead-end 
connectors. 


RIGHT SECTION SECTION AT AA 


Figure 6. Separable copper connectors, 


compression type, for 1.65-inch type-HH 
conductors 


Adjustment in spacing is made by turn- 
ing a screw which moves a crosshead to 
which the individual conductor is at- 
tached. When arranged for three conduc- 
tors as shown in Figure 11, hinged arms 
which support two of four crossheads are 
shifted to a position which will permit a 
symmetrical arrangement of the three 
conductors. 

The special hardware is designed for 
experimental purposes only. Once the 
number of conductors and the spacing 
are selected, it-will be possible to use 
hardware of less complicated design and 
weight. The entire assembly is protected 
by a split copper corona shield. The 
dead-end assembly was designed for a 
maximum load of 25,000 pounds and each 


_ unit was proof-tested at slightly above 


this value. Four design 923 (Figure 7) 
cables will have a maximum load slightly 
under the 25,000 pounds when loaded to 
50 per cent of their breaking strength 
while four of the design 954 (Figure 7) 
cables will be loaded to slightly less than 
50 per cent of their ultimate load. 

The spacers are adjustable from 6 to 18 
inches. The same arms and cable clamps 
are used for either two, three, or four 


Design 923 Design 954 


Figure 7. Characteristics of |-beam conductor 


Design 966 
Design 923 Design 954 Design 966 

Equivalent hard copper area, cir mils..............-.. DTA GOO sek {ota : BOA OOO asic a Boe ees 890,500 
Prctiiatarea, Ciranlise<) st see sc ed owes See Aol pete DAG a ieee Sk hoe Uns ABOWNGTIO Ns stokes sleek 904,232 
@litside diameter, Inu. gtiem oeiWeak dea se a bers ees O57 06: tibetan OeClO pus areas s cee eh, 1.650 
Rated oréaking strain OG. ss.tewaws Soe eae was O B00 ian heres SPB 5 Ons Stee 2 rds ses 36,000 
Mininum breaking strains | O'%..% ts ose de. os gS Bas 2 et 9] 8 Aaah as ear Mi SO sant cate eae «oat 35,700 
Weisht, 16 perthousand ftac4s.0 fs sige nes ome oe GOONS i eee aa POMS echt ted au 4 es 9,857 
Wreignt,.lo per milet.s scswie oe eaten eos wel a ener BPG hee Ses shee BSAS IAG eee reset oe vite 15,085 
Number of hard copper wires... 5-2-2 - eee cess eens 1B. ee ela OO ee iitearee i arats iyeck os 28 
Diameter of hard copper wires, in.......--. S Sit ees OA0O 5 eb nln See as OLAV ee eee tk teos a 0.1610 
Resistance at 20 C, ohms per thousand Ft: 

Dire Pe CLIELEM Cc ore oss as Se ore WES SS ee ate 50528 oi55 wid state we te OO SAA ree lactose: 0.0194 

Alternating current; 00 Cbs. «:..u sls .0'n7 «Sie tans 005942 eras Bes OF OS 4S eee ec aah 0.0125 


conductors but the center piece to which 
the arms are attached is changed when 
the number of cables is changed. Figure 
12 shows one of the spacers for the 2- 
cable arrangement. Special lock washers 
are used to make the joint between the 
arms and center piece rigid when the bolt 
is tightened. The cable clamp used on 
the spacers is one developed and used for 
radio antennas where corona was a pri- 
mary consideration. 


Section IV. Conductors Supplied 
by the Aluminum Company of 
America* | 


The conductors on many 220-230-kv 
transmission lines are aluminum cable 
steel reinforced (ACSR) in the famuliar 
types of concentric strand. In general, 
the diameters of such cables are from 1 
inch to 1.25 inches. The largest ACSR 
which has been manufactured commerci- 
ally for any purpose is 1,590,000 circular- 
mils (54 aluminum over 19 steel), having 
a diameter of 1.5 inches. It is apparent 
that the amount of aluminum needed in a 
conductor for 220-230-kv transmission 1s 
seldom more and usually less than 1,000,- 
000 circular-mils to meet the require- 
ments of conductance alone. Any ad- 
ditional metal used in these ordinary 
forms of ACSR would be solely for the 
purpose of obtaining larger diameters to 
minimize corona. This procedure may be 
economical in the over-all line design up 
to some limit of cable diameter, probably 
never higher than about 1.5 inches. This 


* By M. E. Noyes. 


limit will depend largely upon the market 
values of aluminum and steel and upon 
the conductance requirements of any 
actual line. The probability of still 
higher transmission voltages naturally led 
to consideration of ACSR having larger 
diameters without uneconomical use of 
metals. 


A case of long duration in which jute 
twine (impregnated with pine tar) was 
used as a central core for aluminum cable, 
was investigated. No deleterious effect 
on aluminum wires was discovered after 
25 years of service. The jute was also 
in excellent condition. This led to the 
experimental manufacture of concentric- 
strand ACSR of large diameter using non- 
metallic fibrous filler strands concentri- 
cally laid around the steel to ‘“expand”’ the 
core diameter over which the aluminum 
wires are stranded in one or more layers. 
A number of sizes have been manufac- 
tured. A length of about 4,000 feet of 
918,000-circular-mils ‘“‘expanded ACSR”’ 
having a diameter of 1.4 inches, including 
two layers of jute filler strands around the 
steel core, was installed in a 220-kv circuit 
and has been under observation for 12 
years. Its behavior has been satisfac- 
tory. Since the function of the filler 
strands is simply to occupy space and to 
provide radial support to the outer layers 
of strands, various materials have been 
investigated including jute, hemp, sisal, 


cotton, and paper. Paper twine impreg- 


nated with paraffin oil was the final choice 
because it is cheaper and lighter than 
the other materials considered. Experi- 
mental cable was manufactured and 
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Figure 8. Design 966 for l-beam conductor 


Figure 9. Dead-end unit design 966 


Before application 


Figure 10. Adjustable dead-end assembly 


Grouped conductors, four positions 


samples submitted to Aluminum Re- 


search Laboratories for corrosion tests. — 


Samples have been under observation for 


six years under salt air conditions at Point: 


Judith and Miami (Fla.) Test Stations 
and under industrial atmospheric con- 
ditions at New Kensington, Pa. The 
paper has shown no corrosive effect on 
either the aluminum strands or the gal- 
vanized steel strands. The paper strands 
within the cable have shown no noticeable 
deterioration during this time. 

The Aluminum Company of America 
supplied approximately five miles each of 
two sizes of “expanded ACSR’’ for the 
Tidd 500-kv test lines. Figures 13 and 14 


Figure 11. Adjustable deidvend assembly 


Grouped conductors, three positions 


Figure 13 (below). Sketch of 1,062,800-cir- 
cular-mil expanded ACSR 


Diameter, inches—1.65 

Tensile strength, pounds—38,470 

Weight, pounds per foot—1.69 

Aluminum strands—66 0.1269 inch (60 per 
cent of total weight) 

Steel strands—19 0.0833 inch (20.6 per 
cent of total weight) 

Strands of impregnated paper—42 (19.4 per 
cent of total weight) 


show the construction of these two. cables 
which are identified as 1,062,800-circular- 
mil expanded ACSR having a diameter of 
1.65 inches and 991,500-circular-mil ex- 
panded ACSR having a diameter of 2 
inches. The first is quite normal in con- 
struction except for the radial space 
occupied by filler strands of impregnated 
paper. The 2-inch-diameter cable in- 
cludes a new feature, namely the wrap- 
ping of aluminum foil tape just under the 
single layer of aluminum strands. De- 
velopmental discussions had indicated a 
belief on the part of some engineers that 
fibers from the filler material possibly 
might work out between the cable strands 
to form corona points. This seems incon- 
ceivable when the two layers of aluminum 
strands are used over the filler but a pos- 
sibility to be guarded against if there is 
only one layer of aluminum strands. 
The wrapping of foil tape is used to avoid 
this possibility. 

With each cable, the Aluminum Com- 
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Figure 12. Adjustable mid-span spacer 


Grouped Conductors, two positions 


pany furnished the necessary come-alongs 
for pulling and sagging the cable during 
erection (see Figure 15). This is a 
simple hinged clamp with a carefully fitted 


groove. The clamp parts are aluminum 
alloy castings. The bolts and the bail are 
of steel. 


Joints and dead-ends are of the com- 
pression type, applied by a hydraulically 
operated compressor of 100 tons capacity. 
The compressor is shown in Figure 16. 
The parts of the joint are shown in Figure 


ALUMINUM STRANDS 
IMPREGNATED PAPER FILLER STRANDS 


GALVANIZED STEEL CORE 


17, and the assembled joint in Figure 18. 
The joint is similar in every way to com- 
pression joints for standard types of 
ACSR, as shown in the Aluminum Com- 
pany catalogue, with the exception of the 
aluminum ‘‘fillers’”’ shown in Figure 17. 
These are merely aluminum cylinders 
which are slipped over the steel core to 
take the place of an equal length of paper 
filler material which is cut away for this 
purpose when assembling the joint. The 
object of these fillers is to supply a firm 


Figure 15. Come-along for 2-inch-diameter 


, expanded ACSR 


32 


“mately “71/>- tons, 


resistance to compression and thereby 
obtain adequate grip on the aluminum 
strands which are compressed between 
these fillers and the outer sheath of the 
joint. The compression dead-end also 
follows the companys’ standard practice 
with the addition of an aluminum filler 
cylinder shown in the photograph of parts, 
Figure 19. The finished assembled dead- 
end is shown in Figure 20. Both joints 
and dead-ends develop 100 per cent of the 
tensile strength of the cables when tested 
‘on a 50-foot length of cable in a horizontal 
testing machine. 


Both cables were furnished in 5,600 
foot lengths. The gross weight of reel 


Figure 14. Sketch of 991,500-circular-mil 
expanded ACSR 


Diameter, inches—2.0 
Tensile strength, pounds—46,043 
Weight, pounds per foot—2.23 


Aluminum strands—30 0.1818 inch (42.3 
per cent of total weight) 

Steel strands—19 0.1054 inch (25.3 per 
cent of total weight) 

Strands of impregnated paper—177 (31.2 per 
cent of total weight) 

Aluminum foil—0.0035 inch thick by 3 inches 

wide (1.2 per cent of total weight) 


ALUMINUM STRANDS 
ALUMINUM. FOIL WRAPPING 
IMPREGNATED PAPER FILLER STRANDS 
x GALVANIZED STEEL CORE 
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and cable for this length was approxi- 
The diameter of the 


drum of the reels is 36 inches. The 
Aluminum Company also supplied the 
overhead ground conductors installed on 
both circuits of the test lines. 


‘This’ 4s 


Figure 16. Jointing compressor in operation 


Figure 17. Parts of compression joint for 2- 


inch-diameter expanded ACSR 


standard 159,000-circular-mil ACSR, 12 
aluminum strands over 7 steel strands, 
having a diameter of 0.576 inch. 

Tensile stress-strain tests were made 
on 50-foot lengths of cable. The tests 
included several applications of ascend- 


ing and descending tensile stress. For 
| illustration, the plotted results of such a 
| test on the 1.65-inch-diameter expanded 
ACSR are shown in Figure 21. The 
stress-strain behavior demonstrated is 
similar in every respect to that of stand- 
ard concentric strand ACSR. Sag-ten- 
sion calculations following the graphic 


| Figure 19. Parts of compression dead-end for 
2-inch-diameter expanded ACSR 
| 


method were based upon these stress— 
strain tests. The height and location of 
the towers established the assumption of 
a final sag of 47 feet in a 1,100-foot span 
at 120 degrees Fahrenheit. Cables were 
strung to initial sag calculated to produce 


Figure 18. Finished joint on 2-inch-diameter 


expanded ACSR 


this final sag after the experience of maxt- 
mum loading equal to 1/2 inch ice and 8 
pounds wind at 0 degree Fahrenheit. 
The calculations for the 2-inch-diameter 
expanded ACSR show a maximum ten- 
sion of 13,690 pounds under this loading. 
This is 29 per cent of the tensile strength 
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Figure 20. Finished dead-end on 2-inch- 
diameter expanded ACSR 


Figure 21. Diagram of stress-strain test of 
1.65-inch-diameter expanded ACSR 


A—Stress maintained for one hour at 70 per 
cent rated strength 


B—Load maintained for one hour at 50 per 
cent rated strength 


C—Load maintained for one hour at 30 per 
cent rated strength 


Circles—Increasing load 
Crosses—Decreasing load 


Room temperature—/ 4-78 degrees Fahrenheit 


The data were obtained using telescopes and 
scales over a 500-inch gauge length 
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of the cable. Similarly, the maximum 
tension for the 1.65-inch-diameter ex- 
panded ACSR is 12,000 pounds, which is 
31 per cent of its tensile strength. 


The Aluminum Company of America 
welcomed this opportunity to participate 
in the exploration of higher voltage trans- 
mission problems and to gain further 
experience with expanded ACSR. 
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Transformers and Lightning Arresters— 


Tidd 500-Kv Test Lines 


F. A. LANE 
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HE power supply equipment for ener- 

gizing the high-voltage test lines at 
the Tidd plant of The Ohio Power Com- 
pany consists of a bank of three single- 
phase transformers protected by lightning 
arresters. This paper discusses the gen- 
eral approach to the problem and the de- 
sign and construction of this equipment. 
The fundamental questions are discussed 
in a companion paper! to which frequent 
reference will be made in this paper. 
Other matters are discussed in other com- 
panion papers.?~6 


Transformer Insulation 
Requirements 


The conditions of service which trans- 
former insulation must meet are three: 


1. Normal frequency operation. 


2. Switching and other system overvolt- 
ages. 


3. Lightning surges that may be impressed 
on the transformer terminals. 


At the extra high voltages under con- 
sideration, it appears a foregone con- 


clusion that systems will operate with the - 


neutral solidly grounded:The ‘advan- 
tages of this to all of the afore-mentioned 
requirements are already well known for 
systems operating at voltages of 287 kv 
and less. They become even more pro- 
nounced at the contemplated”extra high 
voltages. 

On a solidly grounded neutral system 
the line-to-neutral voltage is maintained 
within well defined limits, theoretically 
at 58 per cent of the line-to-line voltage, 
although in practice it may be somewhat 
higher for very short intervals of time. 
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As pointed out in a companion paper,! 
switching or system surges should not 
exceed three times normal line-to-ground 
crest voltages. The lightning voltages 
that may appear at the transformer are 
determined by the system design and the 
arresters. The solid grounding of the sys- 
tem permits the use of arresters whose 
ratings are less than the circuit voltage.! 
This limits the lightning voltages to rela- 
tively low magnitudes and results in 
further significant economies in the trans- 
former costs. 


On systems operating with the neutral 
effectively grounded power transformers 
in the next lower insulation class have 
been applied in recent years in increasing 
numbers. Because of its engineering 
soundness and economic advantage, this 
practice bids fair to become common. On 
the strength of experience alone, it would 
appear logical to extend this practice to 
the field of extra high voltages. Though 
this experience approach is justifiable and 
conservative as a first step, the progressive 
designer cannot stop at this point. He 
further must consider and examine all 
possibilities that may be conducive to a 
more rational and economic design for the 
particular field of application in view. 
In particular, he must assess the possi- 
bilities in the light of present-day knowl- 
edge and the more recent fundamental 
findings on transformer insulation, and 
incorporate these as well as the latest de- 
velopments in the art into his future de- 
sign. 

During the past decade, much in the 
way of fundamental studies has been ac- 
complished in the field of transformer in- 
sulation. This development work has a 
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direct bearing on the very questions now 
arising in connection with the application 
of transformers at extra high voltages. A 
few of the more significant studies and 
findings bearing on the three basic re- 
quirements of insulation are related 
briefly hereinafter. 


1. NORMAL FREQUENCY OPERATION 


The ability of a transformer to operate 
continuously at normal frequency volt-. 
age depends primarily on the design rather 
than the mere fact that the insulation 
passed a low-frequency dielectric test. 
Life tests conducted on transformer insu- 
lation by the Westinghouse Electric Cor- 
poration at Sharon, Pa., definitely estab- 
lish that the true criterion is that the 
insulation be balanced in relation to the 
stresses to which it is subjected and that 
the entire insulation structure be designed 
so as to be free of corona. 

In order to get some actual operating 
experience at a point in the range of extra 
high voltages, a high-voltage power trans- 
former was put on life test at the Sharon 
works of the Westinghouse Electric Cor- 
poration in October 1945 and has been 
operating at 375 kv since that time. The 
transformer was given both impulse and 
low-frequency dielectric tests prior to the 
beginning of the life tests in line with the 
American Standards and again was sub- 
jected to these same tests in June 1947, 
after having been operating for approxi- 
mately 18 months. Visual inspection of 
the windings, the insulation, and the 
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Table !. Proposed Transformer Impulse Levels 
for Solidly Grounded Neutral Application 


Rated Impulse 
Circuit Insulation 
Voltage, Level, 
Kv Rms Kv Crest 
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bushings showed no deterioration of the 
insulation. 

These tests indicate that an extension 
of the insulation structure used for 230 
and 287 kv into the field of extra high 
voltages should be satisfactory from a 
normal frequency operation point of view. 
These tests also indicate that modern 
high-voltage transformer insulation can 
be operated satisfactorily at substantially 
higher voltages than would have been 
considered practical in the past. Insofar 
as fulfilling the normal frequency require- 
ments, a reduction of the insulation level 
to 80 per cent of the nominal full value 
therefore can be considered amply con- 
servative for solidly grounded neutral 
operation. 


2. SWITCHING AND OTHER SYSTEM 
OVERVOLTAGES 


Switching surge tests on transformer 
insulation have been conducted at vari- 
ous times. In a more recent and exten- 
sive investigation,’ 230-kv transformer 
insulation was subjected to repeated 
switching surges to a total exceeding 800 
applications. The bulk of these surges 
was between 500 to 750 kv, a small num- 
ber from 750 to 850 kv, and a few ap- 


Figure 1. Transformers on test at the factory 


proached 900 kv, the limit of the switching 
surge generator. From these investiga- 
tions, it has been found that the switching 
surge strength of station and line insula- 
tion is in the order of 90 per cent of the 
corresponding impulse strength. Inas- 
much as the full basic insulation levels at 
the higher reference voltages correspond 
to about 51/, times line-to-neutral crest 
voltage, a reduction of the insulation level 
to about 75 per cent appears quite feasible 
considering the switching surge require- 
ments, since 51/2 K 0.90 X 0.75 = 3.7. 
As previously stated, on asolidly grounded 
neutral system with modern switching 
equipment switching or system surges 


should not exceed three times normal. 


line-to-ground crest voltages. 


3. LIGHTNING SURGES 


From an impulse standpoint, the insula- 
tion level required in the transformer is 
related directly to the protective level 
attainable. Where system conditions are 
favorable to applying an 80 per cent 
arrester, the transformer insulation can 
be proportioned accordingly to 80 per 
cent of the basic impulse level. A pro- 
gressive approach to the protection prob- 
lem in the field of extra high voltages long 
since has indicated various practical 
possibilities towards effectively attaining 
lower protective levels whichareconducive 
to applying transformer insulation levels 
corresponding to about 75 per cent of the 
basic impulse level. 


oo. 


Progress in the art of modern trans- 
former balanced insulation design and 
extensive experience in the construction 
of very large high-voltage units, combined 
with recent developments in insulating 
materials and improved methods of 
manufacture and processing, all basically 
comprise the principal factors that con- 
tribute to a rational application and there- 
fore better utilization of the transformer 
insulation in applications at extra high 
voltages. 


Transformers for High Voltage 
Tests at Tidd Station 


The transformers used at the Tidd sta- 
tion for stepping the voltage up from the 
69,000-volt supply to the voltages re- 
quired for the corona tests on the experi- 
mental lines were built in accordance with 
the design principles that would be ap- 
plied to commercial high-voltage power 
transformers. The transformers are 
single-phase units Y connected with the 
neutral solidly grounded. Although the 
actual rating of 1,667 kva (5,000-kva 
bank) is far below the ratings that would 
be economical at the extra high voltages, 
it was desirable to use essentially the same 
design methods that would be used on 
75,000-kva or larger transformers in order 
to secure operating experience. 

The methods of insulation and winding 
assembly, tank construction, tap changer 
atrangement, and inert gas preservation 


Table Il. Arrester Ratings and Protective Levels 
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Impulse spark-over on 1,000-kv-per-microsecond wave is five per cent higher than discharge voltage listed 


in the table. 


Figure 2. Trans- 

former on flatcar for 

shipment filled with 
oil 


used on shell form transformers for volt- 
ages on 287,500 volts and below were 
extended and modified for use on these 
transformers. The fundamental data 
available on insulation were studied care- 
fully and the design made to withstand 
the voltages which could be expected in 
service. Aspecial feature from an insula- 
tion standpoint was to locate the low- 
voltage 69-kv bushings on the side of the 
tank in order to obtain sufficient flashover 
distance to the high-voltage line bushing. 


The windings of the transformer are 
arranged in the manner normally used in 
the designof high-voltage shell-form trans- 
formers except for the large tap range to 
provide high voltages from 265 to 500 kv 
Y connected. This range was obtained 
by using a standard 10-per-cent tap range 
in the high-voltage winding and providing 
a large range of taps in the low-voltage 
winding. These taps are brought to no- 
load tap changers operated from hand- 
wheels on the tank wall. The total tap 
range is covered in 24 steps, the low-volt- 
age tap changer providing large steps 
with the high-voltage tap changer acting 
as a vernier. 


A unique feature is the provision for a 
voltage metering winding at high-voltage- 
line potential. This is obtained by ex- 
tending the high-voltage winding for a 
few turns and bringing the lead through 
the bushing with the main line lead. 
This portion of the winding and its lead 
is shielded electrostatically so that it does 


Figure 3. Installation view of transformers 
(Tidd test station) 


not carry appreciable capacitance cur- 
rent, thus avoiding errors in metering due 
to this source. This winding provides a 
voltage for metering and power for the 
other equipment mounted in the cabinet 
at the top of the high-voltage bushing. 
In addition, conventional metering wind- 
ings are provided on the core at a low 
voltage level. 

The transformers are provided with 
standard accessories including inert gas 
protection, oil gauge, oil thermometer, 
manhole relief, and oil valves. A light- 


ning arrester forthe low-voltage winding is 


mounted on a bracket adjacent to the low- 
voltage bushings. The high-voltage line 
lead is brought out through an oil-filled 
condenser bushing employing the same 
principles of design used for high-voltage 
bushings on power transformers now in 
operation at 230 kv. 

The transformers were given factory 
tests for iron loss, impedance, low fre- 
quency induced potential and impulse 
tests. In addition, a test of approxi- 
mately 10 per cent above the maximum 
line-to-ground operating voltage (320 kv 
rms line-to-ground) was applied continu- 
ously for 12 hours. Observations of 
corona were made with and without the 
meter box. Very little corona noise or 
visible corona was observed at 320kv. A 
view of the transformers on test at the 
factory is shown in Figure 1. 

The core and coil assembly of the trans- 
formers is built into a form fit tank of the 
type used in the construction of high- 
voltage shell-form power transformers 
with the two sections of the tank welded 


Table Ill. Estimated Price of Transformers for 
Application at Extra High Voltages 


A. Three Single-Phase 75,000-Kva 2-Wind- 

ing 55-Degree-Centigrade Self-Cooled Trans- 

formers of Standard Impedance Design and for 
Various Impulse Levels 


Impulse 
Level, Price, Impedance, 
Kv Per Cent Per Cent 
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B. Three Single-Phase 75,000-Kva 2-Wind- 

ing 55-Degree-Centigrade Self-Cooled Trans- 

formers for Low Impedance and for Various 
Impulse Levels 


Impulse 
Level, Price, Impedance, 
Kv Per Cent Per Cent 
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at the factory. This type of tank con- 
struction made it possible to ship the units 
complete in oil except for the high-voltage 
bushings and radiators by laying it on a 
flat car, as indicated in Figure 2. This 
eliminated the use of special bracing or 
special cars for shipment. A view of the » 
transformers installed at the Tidd station 
ready for operation is shown in Figure 3. 


Lightning Arresters 


Lightning arresters are installed adja- 
cent to the transformers in the Tidd test 
station to provide protection and to ob- 
tain service experience on voltages above 
2987kv. There exists a good deal of back- 
ground. of service and manufacturing 
experience from which to extend arrester 
ratings into those higher voltages where 
heretofore no arresters have ever been 
built. The arresters constructed for use 
in conjunction with the tests at Tidd 
utilize the same standard units or sections 
that have been used for some time in the 
construction of ‘‘Auto-valve’” station- 
type arresters of all commercial ratings. 
The performance characteristics of these 
have been well established and there 1s 
no difficulty in co-ordinating insulation 
levels and arrester ratings. Several prob- 
lems arose in extending the arrester rat- 
ings into this new high-voltage field. 
Solutions were found in ways that depart 


Figure 4. Suspended type lightning arrester 


from tradition and may be considered 
innovations in lightning arrester construc- 


tion. 


Two different types are installed in the 
Tidd test station. Both are electrically 
alike, however. The maximum voltage 
rating of these particular arresters is 
determined by the consideration that the 
test line will at times be energized at 500 
kv. Since the neutral is solidly grounded, 
the arrester rating decided upon is 350 
kv, 70 per cent of the maximum phase-to- 
phase voltage. This is a lower rating 


than the usual 80 per cent. The 70-per- 
cent ratio was chosen because of the prob- 
ability that when a high-voltage system 
is built consideration will be given to 
arresters with voltage ratings lower than 
80 per cent.!- Moreover, a ratio as low as 
70 per cent will give significant operatin g 
experience on the test lines since the ar- 
resters will be subjected to severe continu- 
ous duty. The Tidd arresters are de- 
signed so that units can be short-circuited 
to reduce the arrester rating when the 
system is operated at voltages less than 
500 kv. 

Because of the high maximum rating of 
350 kv, the conventional arrangements 
used heretofore would occupy a consider- 
able height. Efforts were made to keep 
the height at a minimum, and resulted in 
the construction shown in Figures 4 and 5. 


Figure 5. Self-supporting lightning arrester 


The arrester shown in Figure 4 is designed 
for suspension from a steel structure. 
The units are suspended in zigzag fashion 
between strings ofinsulators. The length 
thus is decreased considerably below the 
length required if the units were all ar- 
ranged in line. The arrester proper is 
compact. However, it requires strings 
of suspension insulators to support it and 
a steel structure from which it may be 
hung. When steel is available as part of 
the substation structure, this is an effici- 
ent construction. 


To avoid the need of a supporting 
structure, a _ self-supporting arrester 
shown in Figure 5 was devised. This 
arrester is shorter than the suspended 
arrester including the supporting insula- 
tor strings, requires no bracing, but it is 
a more complicated and more bulky 
structure than the suspended arresters. 
There are advantages and disadvantages 
in each, The suspended type may be 
preferred in regions where earthquakes 
occur because it is less likely to be dam- 
aged by temblors, and the self-supporting 
type may be preferred when supporting 
structures are not available. 

The assembly and the operation of the 
suspended arrester are apparent from 
Figure 4. The upright arrester shown in 
Figure 5 merits further description. It 
consists of three columns which mutually 
brace each other and thus provide a stable 
and wind resisting structure. The design 
was worked out by calculation, by tests 
on small scale models, and by trial of full 
sized samples. In each column are ar- 
rester sections separated by insulating 
units. The insulating units are standard 
arrester casings with the usual internal 
arrester parts omitted. The active ar- 
rester units in the three columns are 
interconnected by means of the pipes 
shown in Figure 5. Figure 6 is a schema- 
tic picture of the 3-legged arrester show- 
ing how the units are connected. 

The considerable length of the dis- 
charge path introduces a problem of volt- 
age distribution across the various sec- 
tions. Grading rings are used to control 
the electrostatic field so that the voltage 
impressed across the arrester terminals 
will be divided uniformly between the 
units. 


A number of laboratory tests were made 


on the arresters during the development 


of the structures and after the final de- 
signs had been erected. These included 
60-cycle spark-over tests, tests for corona, 
and impulse spark-over tests. The dis- 
charge characteristics of the arresters at 
various discharge currents are known 


from the test results on these standard Fi 


units of which the arresters consist. 
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The 60-cycle spark-over tests were 
made by running the 60-cycle test voltage 
up until the arrester discharged. Tests 
were made with the arresters dry 
and under rain conditions using tap 
water. The dry spark-over values were 
700 kv rms for the suspended and 690 kv 
rms for the 3-legged arrester. Under 
rain conditions, the 60-cycle spark-overs 
were 650 kv rms. These are of the order of 
1.85 to 2 times the arrester rating showing 
good margins; also, they indicate good 
voltage distribution on the units. 

A check was made for corona at nor- 
mal voltage. The normal voltage across 
the 350-kv arrester with the line energized 
at 500 kv is 290 kv. No audible or visi- 
ble corona was observed at 346 kv. With 
the energizing voltage set at 346 kv, the 
circuit breakers were closed and opened 
repeatedly and no discharges through the 
atrester were detected. Since surges of 
twice normal voltage may be expected 
under these conditions, the test indicates 
that switching surges of 21.41346 or 
975 kv crest at least, or 2.4 times the 
normal voltage of 2901.41 or 410 ky 
will not discharge the arrester, 


Impulse spark-over tests also were run. 
With rates of rise of 1,000 kv per micro- 


——————— 
_—_————s 


ith 


gure 6. Schematic circuit of self-supporting 
lightning arrester 


second and the arresters connected for 
350 kv, spark-over occurred on the sus- 
pended arrester at 1,000 kv either positive 
or negative and on the 3-legged arrester 
at 950 kv negative and 1,150 kv positive. 
From tests on individual units, the dis- 
charge voltage across the arrester when 
carrying 5,000 surge amperes, 10x20- 
microsecond wave shape, is 1,120 kv. 

The arresters built for the test line were 
made for the highest contemplated volt- 
age with means of adjusting the rating. 
When a transmission system is built and 
the system voltage, system characteris- 


‘tics, and impulse levels of the apparatus 


insulation have been determined, a defi- 
nite arrester rating will also be deter- 
mined so it is probable that the construc- 
tion will be modified and simplified. 


Insulation Co-ordination and 
Protection 


In Table II are presented the trans- 
former impulse levels proposed! for 
solidly grounded neutral application at 
the extra high voltages. These basic 
impulse levels are compared in Figure 7 
to the protective levels of 80-per-cent and 
75-per-cent arresters. The basis and 
derivation of the arrester ratings are 
apparent from Table III. The rated 
voltages selected for reference purposes 
in this study are not necessarily standard 
values for these have not as yet been 
established definitely. In Figure 7, a 
5,000-ampere 10x20-microsecond wave is 
used as a basis for co-ordination.! 

To secure a high degree of protection 
against steep front impulses, the arrester 
must be located closely adjacent to the 
transformer. In this connection, it is of 
interest to note that on a 1,000-kv-per- 
microsecond rise the arrester breakdown 
voltage for the ratings indicated is about 
105 per cent of the value corresponding to 
a 5,000-ampere discharge. In view of 
the inherently high strength of the insula- 
tion at the very short impulses, ample 
margins of protection can be secured 
against steep front impulses when the 
proper measures are taken to minimize 
the lead and ground effects between ar- 
rester and transformer terminals. 

Use of 80-per-cent arresters is good 
practice for solidly grounded neutral sys- 
tems of voltages 230 kv and below. In 
the fourth column of Table II, we have 
shown arresters in the 75-per-cent ratings 
that might receive consideration for use 
on circuits that are very well grounded. 
Whether or not arresters with lower rat- 
ings than 80 per cent can be used will 
depend on the system characteristics. 
Probably individual cases will require 


Table IV. Estimated Price of Lightning 
Arresters Based on Transformers in Table IIIA, 
1,200-Kv Level, as 100 Per Cent 


Rating, Price, 
Kv Per Cent 
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individual study. However, the advan- 
tages of lower rating arresters at the extra 
high voltages are so apparent as well to 
justify the additional effort of special 
study. 

Taking all the various considerations 
into account, the protection of insulation 
levels as given in Table I seems practical. 


Economic Advantages 


The advantages accruing at the extra 
high voltages from a more complete 
rationalization of the transformer insula- 
tion and of the protection problem, lie 
especially in these directions 
1. Economies in the transformer proper. 

2. Reduction in unit weights and dimen- 
sions. 


3. More favorable characteristics and im- 
proved performance of the transformer, par- 
ticularly in regard to lower impedances and 
losses and corresponding advantage gained 
from a system standpoint. 


4. Feasibility of larger units. 
5. Transportation and installation prob- 
lems minimized. 


6. Advantages from an arrester viewpoint. 


A detailed assessment of each of these 
advantages and of the over-all benefits 
combined would be possible only through 
study of specific projects. For illustra- 
tive purposes a few typical examples will 
be considered. In: Table III are pre- 
sented relative initial costs for three 
75,000-kva (225,000-kva bank) single- 
phase 60-cycle 55-degree-centigrade-rise 
2-winding self-cooled transformers for 
operation at 345 kv with impulse levels 
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of 1,550 kv, 1,400 kv, and 1,200 kv. 
Transformers in this rating designed for 
solidly grounded neutral operation well 
can gain a reduction in cost of about 30 
per cent in stepping the insulation impulse 
level from 1,550 kv to 1,200 kv (1,200+ 
1,550 = 0.77). There is also a decided 
reduction in weights. The normal im- 


pedances are reduced correspondingly - 


from 15 to 13 per cent (Table III A) and 
likewise a lowering of the losses is effected. 
On the basis of a fixed impedance set at 
10 per cent (Table III B) the reduction in 
unit cost from 1,550-kv to 1,200-kv level 
comes to 33 per cent. These values are 
affected only slightly for operating volt- 
ages of 402 kv and 460 kv. Estimated 
prices for single-pole arresters are given in 
Table IV. Itis apparent that the cost of 
the arresters is a small portion of the 
transformer and that the use of a properly 
co-ordinated arrester results in major 
economies. 

The economics of transformer design at 
the extra high voltages, the transporta- 
tion and field installation problems in- 
volved, the over-all economics of power 
transmission at these voltages, and similar 
considerations are such as most certainly 
to dictate single-phase units in this field 
of application. Forced oil circulation 
would contribute to reduce further the 
unit weights and thus permit transporta- 
tion direct to site of larger units complete 
with their oil and practically ready for 
immediate operation. In this manner, 
too, the field installation requirements and 
operations are much simplified and re- 
liability of equipment enhanced. At 
hydro sites, forced-oil water-cooled trans- 
formers offer additional possibilities to- 
wards securing even lower unit weights. 


Conclusions 


The disruptive tests, overpotential 
tests, and the life tests made on an experi- 
mental transformer at the factory and 
the surge, disruptive, overpotential, and 
corona tests made at the factory on the 
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transformers for energizing the Tidd 
500-kv test lines as described in this paper 
indicate that it is entirely practical to 
build commercially power transformers 
for operation at extra high voltages. 
These same tests indicate that the trans- 
formers, using the shell form of construc- 
tion employing the same design principles 
for the insulation structure that were used 
for transformers operating successfully at 
230 and 287 kv, will perform satisfactorily 
' when operating at normal frequency at 
these extra high voltages; that they will 
withstand the switching and other system 
overvoltages to which they may be sub- 
jected; and when properly protected by 
lightning arresters of the type described 
in this paper, will withstand successfully 


the lightning surges which may be im- 
pressed on the transformer terminals. 
Furthermore, when these transformers 
are mounted in a form fit tank, it is 
entirely practical to ship commercial 
kilovolt-ampere ratings at these extra 
high voltages completely assembled in 
their own tanks. 
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Switchgear Equipment for Tidd 
High-Voltage Test Lines 
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BE “DEVELOPMENT: Jot = higher 

voltage transmission systems will 
play an important part in extending 
present-day loadings and distances for 
power transmission.!~* Before advan- 
tage can be taken of these increases, 
however, it is necessary to develop new 
high-voltage switching equipment to 
protect these systems under fault condi- 
tions, and to restore them to normal 
operation without delay. These equip- 
ments must take advantage of all the 
advances which.have occtirred up to the 
present to maintain system stability and 
incorporate the necessary insulation 
strength with maximum economy. 

In the present investigation into the 
problems associated with higher trans- 
mission voltages, the General Electric 
Company has co-operated by 


1. Determining a suitable type of switch- 
ing equipment for these voltages. 


2. Developing a unit of this type to obtain 
experimental data on the Tidd high-voltage 
project sponsored by American Gas and 
Electric Service Corporation. 


Requirements of New High-Voltage 
Switching Equipment 


The first step in determining the type of 
switchgear equipment was to set down 
the switchgear requirements which have 
proved necessary -over the years for 
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present-day transmission voltages, and 

then examine these requirements to 

determine whether they cover the ground 

for the higher voltages now being studied. 
Among these requirements are 


1. High speed fault isolation. This is 
required from four standpoints 


(a). System stability. The increase in transient 
stability obtained by isolating faults within a time 
which is short in comparison with the system period 
of oscillaticn has been well demonstrated by studies 
made on many power systems. The 3-cycle low- 
oil-content impulse circuit breakers developed for 
the 287-kv Hoover Dam line showed the worth- 
while increase in transient stability which could be 
obtained with 3-cycle interrupting times as com- 
pared with earlier 5-to-8-cycle interrupting times.’ 


(b). Reduced system shock and damage. High 
capacity short-circuit tests on transmission systems 
repeatedly have shown the reduction in system 
shock which results from 3-cycle breaker operating 
times as compared with older, slower fault-clearing 
circuit breakers. Three-cycle fault clearing also 
has shown a marked reduction in conductor and 
insulator damage at the point of fault. 


(c). Improved service to customers. Fast fault 
clearing is necessary to decrease voltage fluctua- 
tions which are damaging to the operation of many 
present-day industrial plants. 


(d). Decrease circuit breaker maintenance. Con- 
siderable reduction has been demonstrated in the 
maintenance required to the circuit breaker itself 


— KVA X 1000 


Onl: 34.5". 69. 115-138. 161.4230.287 
VOLTAGE RATINGS — KV 


Figure 1. Maximum kilovolt-ampere require- 
ments expected in the near or foreseeable 
future at present voltages 
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on units having l-cycle or shorter arcing times, 
both from the standpoint of contact erosion and 
oil carbonization.§ 


2. High speed reclosing. The circuit 
breaker must be capable of reclosing as 
rapidly as the flashover arc path can re- 
cover its dielectric strength to realize the 
maximum transient stability benefits. 
Twenty-cycle reclosing, now in general use 
for modern switching, has been an im- 
portant factor in increasing the power 
carrying capacities of systems operating 
near the stability limit. Tests have indi- 
cated that successful reclosure after most 
faults is possible in even shorter times if 
circuit breakers providing higher reclosing 
speeds were available. Ten- or 12-cycle 
reclosing, therefore, was established as an 
objective in the désign of this new circuit 
breaker from which test data can be ob- 


Figure 2. Single pole of low-oil-content 

impulse-type circuit breaker developed to 

obtain experimental data on Tidd_ high- 
voltage test project 


SHIELDING RING 


HORIZONTAL 
HOUSING 


OIL 
PISTON 


MOVABLE 
CONTACT 


VERTICAL 
COLUMN 


OPERATING 
ROD 


AIR 
OPERATOR 


tained to determine minimum flashover re- 
covery time for higher voltage lines. 


3. Sufficient interrupting capacity must be 


designed into the circuit breaker to inter-. 


rupt the maximum short-circuit current 
reasonably expected on these high-voltage 
systems. In general, it may be stated 
that the higher the system interrupting 
requirement without unduly increasing 
circuit breaker costs, the more economical 
will be the system design, as arbitrary 
injection of reactance always tends to 
reduce effective loading of transmission 
lines. 


4, Equipment must be designed with 
sufficiently high dielectric strength for 
lightning arrester co-ordination. 


In developing a circuit breaker to 
meet these requirements, it soon became 
apparent its supporting structure would 
be of such dimensions that it might 
readily serve other purposes. Economic 
considerations dictate that, since practi- 
cally every piece of equipment to be used 
at the higher voltage under study has to 
be designed from the ground up, effort 
should be made to combine functions 
wherever possible to reduce the over-all 
cost. For the higher voltages being 
considered, space requirements also be- 
come of paramount importance. It was, 
concluded, therefore, that considerable 
economies can be effected by developing 
the entire feeder equipment as a compact 
integrated unit, the operation of each 
component part being co-ordinated func- 
tionally with the unit as a whole. 

The result can be, therefore, a unit 
incorporating all auxiliary equipment, 
such as structural supports, current 
transformers, relays, coupling capacitors 


INTERRUPTING UNIT 


Figure 3. Cross sec- 

tion through one 

pole of low-oil-con- 
pies ees tent impulse circuit 
breaker showing pis- 

ton with arrows 
showing oil blast 
being driven up be- 
1] tween six sets of 
= series of contacts 
in horizontal inter- 

rupter 


Large shielding rings 
on either end of 
horizontal interrup- 
INSULATOR ter provide uniform 
SUPPORT voltage distribution 
between various sets 
of series breaks. 
Piston supplying 
driving force for 
oil blast action is 
located in housing 
a end of interrupter 
column 


for carrier current equipment, discon- 
necting switches, interlocks, as well as 
the circuit breaker and protecting light- 
ning arresters. 


Circuit Breaker 


In determining the type of circuit 
breaker to be built for these voltages, care- 
ful consideration had to be given the prob- 
able trend in circuit breaker develop- 
ments at these higher voltages. Also, 


it was realized that the requirements at 


these higher voltages would be particu- 
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larly severe, and so the service records 


obtained on existing types should have 
just as important a part in making a 
decision as the design and operating 
characteristics. 


In comparing circuit breakers in service 
for maximum existing voltages on the 
foregoing basis, the low-oil-content im- 
pulse-type circuit breakers, originally 
developed for the 287-kv transmission 
line between Hoover Dam and Los 
Angeles, would seem to be the most 
promising type. Its oil blast action, 
obtained from a spring-driven piston, 
provides extremely high speed arc in- 
terruption, regardless of the magnitude 
of the current being interrupted. Arcing 
times consistently under one cycle for all 
values of current are obtained because 
of the positive rate at which fresh di- 
electric is forced between the eight sets 
of series contacts. Moreover, this posi- 
tive oil-blast action at low currents in- 
sures postive interruption of line charging 
currents without requiring shunting re- 
sistors to prevent restriking. This is a 
particularly important consideration with 
the higher charging currents which will 
be associated with the longer lines at 
higher voltages. 

Moreover, the service record on this 
type of breaker has been outstanding. 
In addition to the 287-kv circuit breakers, 


Figure 4. Arrtist’s sketch of complete co- 

ordinated switching unit showing location of 

circuit breaker, lightning arrester, disconnect- 

ing switches, and through type bushings with 
current transformers 
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many 230-kv and 138-kv units have been 
in service; some since 1935. In all, 
about 350 circuit-breaker-years of oper- 
ating data have been obtained without 
any major difficulties. One of the 230- 
kv impulse circuit breakers, rated 3,500,- 
000 kva, which had been in service five 
years, recently was given field tests up to 
maximum capacity available at Grand 
Coulee Dam of 6,700,000 kva without 
distress. The maintenance  require- 
ments of this circuit breaker are also very 
minor due to the short arcing times and 
the low oil content involved. To obtain 
higher speed reclosing on this new high- 
voltage circuit breaker, a compressed- 
air mechanism was designed to replace 
the motor-charged spring mechanisms 
used on the earlier circuit breakers of 
this type. The operation of each pole by 
its own mechanism permits either 3-pole 
or single-pole reclosing. Tests have 
shown that these mechanisms are ad- 
justable to reclose the circuit breaker in 
10 cycles, or less, if that should prove 
practical from a dielectric recovery 
standpoint of the arc path. 

In determining the maximum inter- 
rupting capacities that may be required 
at these voltages, some assumptions 
must be made. Figure 1 shows the result 
of some studies which have been made to 
determine the maximum capacities that 
may be required in the forseeable future 
at existing voltages. If the leveling off 
at 10,000,000 kva, as the curve shows, is 
assumed to represent a definite trend, 
then 10,000,000 kva would seem to be a 
reasonable value for the interrupting 
rating of these higher voltage circuit 
breakers. 

The experimental circuit breaker was 
developed for a 3-phase interrupting 
rating of 10,000,000 kva at 360 kv. This 
is the highest interrupting rating ever 
assigned to any circuit breaker to date 
in the United States or abroad. Al- 
though indications are that this rating 
will satisfy any requirements that might 
be forthcoming in the foreseeable future, 
it does not represent the maximum which 
can be developed for this type of 
circuit breaker. As the positive oil 
blast action is independent of current, 
this type of circuit breaker does not have 


the same limitations which exist in con- 
ventional tank-type circuit breakers. This 
means that if time should reveal that 
ratings in excess of 10,000,000 kva are 
required at these voltages, they can be 
developed. 


Figure 2 shows a single pole unit of this 
circuit breaker set up for operation tests, 
while Figure 3 shows a cross-section view 
of the circuit-breaker pole. The com- 
pressed air mechanism at the bottom 
drives the main operating rod which 
passes up through the oil-filled vertical 
procelain column. The piston in the 
housing at the top of the column operates 
simultaneously with the contacts to 
force oi] out into the horizontal inter- 
rupter tube and up between the six sets of 
series contacts. The large shielding 
rings at either end of the horizontal 
interrupting tube divide the voltage 
uniformly between the various breaks. 


Over-all Arrangement 


The arrangement of the over-all 
switching equipment is shown in Figure 
4, The through bushings mounted dir- 
ectly above the circuit breaker provide 
for two current transformers on either 
side of the circuit breaker, as well as 
voltage taps for potential measurements. 
Each bushing also serves as one of the 
stationary columns for the braidless 
silver line contact disconnecting switches. 
The disconnecting switches of each pole 
will be operated by a motor mechanism 
interlocked with the circuit breaker 
mechanism to prohibit incorrect opera- 
tion. Each pole of the structure is en- 
tirely self-supporting without cross ties 
with the other two poles. 

The lightning arresters installed to 
protect the switchgear equipment con- 
sists of standard station-type ‘‘thyrite”’ 
interchangeable 12-kv units of the type 
used on many high-voltage systems in 
the United States. The lightning arres- 
ter consists of 25 units, and has a maxi- 
mum permissible line-to-ground rating 
of 300 kv. Its impulse protective char- 
acteristics co-ordinate with the 1,300-kv 
basic insulation level used for the switch- 
ing equipment. 
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The co-ordinated over-all design will 
carry a rating of 
Normal operating voltage, 360 kv. 
Impulse withstand test, 1,300 kv. 


Rated current, 800 amperes. 


Nominal interrupting capacity, 10,000,000 


kva. 
Summary 


The approach to terminal switching 
equipment herein described presents a 
new concept for higher voltage switch- 
gear. It is believed that this concept, 
while not confined to higher voltages 
alone, will provide all the functional 
advantages of conventional switching 
equipments along with great economies 
in space and cost. At the same time, it 
should result in increased safety and 
decreased maintenance. 
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HIS PAPER discusses the metering 
| Race that is being supplied by 
the Westinghouse Electric Corporation 
for measuring corona loss, radio influence, 
and atmospheric conditions at the Tidd 
500-kv test lines. Since one of the main 
objectives of the test, as pointed out in a 
companion paper! is the accurate deter- 
mination of corona loss under all possible 
operating conditions, this paper is devoted 
principally to the equipment which will 
be used to measure the corona power loss. 

A careful study of the problem of 
measuring corona loss was made. A 
search of the technical literature for the 
methods employed by other investigators 
shows the following: 


On actual lines, losses were obtained by 
measuring the input to the exciting trans- 
formers and subtracting the transformer 
losses.? 


In some cases current coils of wattmeters 
were placed in series with the lines®" and 
potential taken from water column potential 
divider. 


The importance of impressing on the meter- 
ing circuit the exact reproduction of the line 
voltage was well recognized and various re- 
finements,!3~15 in measuring circuits have 
been used. 


A detailed analysis of the possible 
errors in the methods heretofore used 
suggested that a new method for measur- 
ing corona loss be used. 


General Discussion 


In order to understand the very exact- 
ing requirements of any metering circuit 
which is to be used to measure corona loss 
on a full sized line with conductors up to 
two inches in diameter and spacings up 
to 45 feet, it is necessary to understand 
the conditions under which the circuit 
must operate. For example, assume a 


G. D. LIPPERT 


MEMBER AIEE 


2.00-inch smooth conductor at 45-foot 
spacing. The corona loss by Peterson’s’® 
formula will be 0.215 kilowatts per phase 
at 335 kv line to line for a line 1.4 miles in 
length. Under this condition the charg- 
ing kilovolt-amperes will be 273 per phase. 
The power factor is 0.079 per cent which 
corresponds to a power factor angle of 
89 degrees 57.3 minutes. Hence any 
system which is used to measure corona 
loss must be sensitive to an angle in the 
order of one minute or 0.000292 radian. 

Table I is an application of Peterson’s 
formula to the example mentioned pre- 
viously. It shows the magnitude of 
corona loss to be expected under fair 
weather conditions. 


Table I. Fair Weather Corona Loss 


Two-Inch Smooth Conductor, 45-Foot Spac- 
ing, 1.4 Miles Long 


Ky Corona Power Power 
Line-to- Loss, Factor, Factor 
Line Kva Kw Per Cent Angle 
DG GO niece oats E70. Oss 006.7. 5898 hate 
BOOP Bice 2206s OMA 2050608. 380" Ota C 
SOO! mete te oe 510s Saree 0.268; . ...0.088.:. .89°:57.0’ 
A00 se acy 3905 2. 0.591....0.151. ..89° 54.8’ 
ASO Mash aes 490" x3 L060 2.07217 as. 89775226" 
HOO. Be 609..... 2.630....0.432...89° 45.1’ 


Further emphasis on the requirements 
of accuracy of a metering circuit to meas- 
ure corona loss is shown in Table II. If 
310 kva charging per phase is assumed, it 
is interesting to note the effect on the 
wattmeter indications if a constant error 
angle of one minute is assumed. The 
table shows this condition for different 
assumed values of loss. 

At first glance it would appear that 
some type of bridge would be most de- 
sirable. There are several objections to 
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Table Il. Effect of 1-Minute Error in Voltage 
Applied to Voltage Coil of Wattmeter 


Corona 
Corona Loss’ Actual Apparent 
Loss Per3- Power Meter Power 
Per Phase Factor, Indica- Factor, Error 
Phase, Mi£ile, Per tion, Per Per 
Watts Watts Cent Watts Cent Cent 


Onin ORF 0, OO 908. ORO ZO er aa ce 
100.05 214. .0.038237.2 190... 030615 ~.1.,.90 
200... 428..0.0646... 290...0.0937....45 
500... 643...0./0968..,. - 8905. 30.1260 3.380 
400) >. S50 0-129 AIO. OOS ee 
DO0F O10. Os tGlss<.) 2090... OOO. els 

1,000 3... 2,140. 0532374 3210905). 073433 09 


this. A bridge does not lend itself to 
recording losses over a long period. The 
high voltage which will be used would 
necessitate using a very large ratio arms 
to get the bridge down to a safe voltage. 
An alternative is to construct a Faraday 
cage and have the operator at a high 
potential. In addition, a bridge would 
be sensitive to stray capacitance effects 
which would make it hard to build and 
difficult to check. 

After reviewing the methods of corona 
measurements already used and keeping 
in mind the features desired in the test, it 
was decided to design the circuit on the 
following basis: 


1. Corona power to be measured by a watt- 
meter. 


2. The wattmeter to be located at high 
potential to eliminate the necessity of sub- 
tracting transformer losses. 


3. Potential for the wattmeter to be taken 
from an extension of the transformer high- 
voltage winding. 


4, Automatic compensation to be provided 
to correct for the phase angle errors in the 
potential applied to the wattmeter. 
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When it was decided to use a watt- 
meter, investigation revealed that a suit- 
able meter was not available. The 
problem was presented to the engineers 
of the Newark meter works ofthe Westing- 
house Corporation. A special “nul” type 
meter was developed which is shown in 
Figure 1. It is about 100 times as sensi- 
tive as an ordinary wattmeter. It is 
classified technically as a current balance 
transmitter. The meter has a regulated 
power supply which provides 250 volts 


‘direct current for the tube plates, and 6.3 


volts alternating current for the tube 
filaments and the lamp. The power 
supply is required to operate over a range 
of 201 to 342 volts. Its output voltages 
are substantially constant. 


Referring to Figure 1 the operation of 
the meter is briefly as follows. The cur- 
rent and voltage coils are located in the 
lower half of the meter. The corona 


power is resolved into a torque which is 


applied to the upper half of the meter by 
means of the shaft. This shaft is the 
only connection between the upper and 
lower sections of the meter. The alter- 
nating-voltage coil is fixed on the lower 
end of the shaft, and the movable vane 
and the d-c coil (located between the pole 
faces of the permanent magnet) are fixed 
on the upper end. A change in torque 
(corona power) causes the movable vane 
to move upsetting the light balance be- 
tween the two phototubes. The photo- 
tubes are connected in series across the 
plate supply and their midpoint is con- 
nected to one of the gridsin the 6SN7. A 
change in the potential of the grid causes 
a current to flow in the d-c coil in such a 
direction as to oppose the torque, and of 
such magnitude as to exactly compensate 
for or nullify the torque applied to the 
shaft. The vane thus is moved back to 
its original position, restoring the original 
light balance between the phototubes. 
D-c milliammeters are connected in the 
d-c coil circuits. The indication of these 
external milliammeters, multiplied by 
suitable constants, gives the magnitude 
of the corona power. 


This meter is very well suited for this 
application. Since the angle between 
the current and voltage coils remains at 
90 degrees there is no error from angular 
displacement of the two coils, and there 
is no error from nonlinearity of the 
springs. The magnitude of the direct 
current is not affected by reasonable 
changes in the plate voltage nor is it 
affected by the impedance of the external 
indicating meters. Owing to its delicate 
nature, the meter is affected by slight 
errors in the balance of the movable ele- 
ment; however, in use the meter will be 


in a fixed position, eliminating the pos- 
sibility of this error. 

The meter has undergone extensive 
tests in the laboratory over a period of 
about six months. In the laboratory, this 
meter has demonstrated its ability to 
measure power to an accuracy of +5 per 
cent at power factors as low as 0.02 per 
cent. 

As shown in Figures 2 and 6 the line 
current is passed directly through the 
current coil of the wattmeter. In order 
to get accurate readings from the watt- 


meter, it is “necessary for the current 


through the voltage coil to be exactly in 
phase with the line-to-neutral voltage 
applied to the line. From Figure 6 it 
can be seen that the phase angle between 
the voltage applied to the wattmeter and 
the voltage from line to ground is the sum 
of the phase shift in the high-voltage 
winding and the phase shift in the meter- 
ing winding. 

The phase shift through the metering 
winding of the transformer, due to the 
instrumentation load, is of very small 
magnitude, varying from 0.52 minute at 
minimum voltage to 0.82 minute at maxti- 
mum voltage. However, it is interesting 
to note the effect of even this small phase 
shift on the indication of the wattmeter. 
At 335 kv the angle would be about 0.61 
minute which would result in a meter 
reading of 55 watts. This added to the 
215 watts of corona loss previously cal- 
culated would result in a serious error in 
the wattmeter reading. Since this wind- 
ing has a shield at high potential, its 
charging current is negligible and causes 
no phase shift. 


45 


An analysis of the high-voltage wind- 
ing reveals a much more serious condition. 
Assuming no in-phase load on the winding 
the phase shift through the winding will 
vary from 6.28 minutes at minimum 
voltage and 8.10 minutes at maximum 
voltage. From the previous discussion, it 


can be seen that the wattmeter reading 


would be meaningless if this angle were 
not corrected. It also can be seen that if 


a constant correction of say 7.19 minutes 
is made, as has been done by other inves- 


tigators, the deviation from this angle 
would be of such a magnitude that the 
readings in the low power factor range 
would contain serious errors. In addition 
to the phase shift due to the reactive load 
on the transformer, there is a compara- 
tively large phase shift due to the in- 
phase load. At 500 kv a 100 kw load 


will cause a phase shift of about five 


minutes. On the middle phase this 
would not be serious (meter would indi- 
cate 102 instead of 100 kw) but in the out- 
side phases, the in-phase load will be 
largely the result of power transfer, and 
the meter might read 2 kw when there 
was no corona loss at all. 

As shown later, a compensation can be 
applied to correct for the phase shift in 
the high-voltage winding due to the load 
current. This is not true of the capact- 
tive charging current of the high-voltage 
winding, because of capacitances between 
turns and from winding to case. The 
magnitude of these capacitances was cal- 


Figure 1. Current balance transmitter or “nul” 
type wattmeter used to measure corona loss 


culated and calculations using these 
values indicate that at maximum voltage 
this phase shift will be only 0.1 minute. 
An angle two or three times this value 
would not introduce a serious error. 

In addition to the compensation neces- 
sary to correct for the phase shift in the 
metering and high-voltage windings, 
compensation must be made to correct for 
the power transfer from one outside phase 
to the other. The conductors on the test 
lines are in flat configuration, which re- 
sults in unequal capacitances between 
conductors giving unsymmetrical line 
charging currents. With the line con- 
figuration previously mentioned the 
charging current on the outside phases 
leads the line to neutral voltage by 90 
degrees + 3 degrees 53 minutes. At 335 
kv line to line the power transfer between 
outside phases is 18.5kw. Ifno provision 
were made to compensate for the power 
transfer, and the corona loss was 0.215 
kw on each of the outside conductors the 
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wattmeters would read 18.3 kw and 18.7 
kw on outside phases. The corona power 
which would be present would be slightly 
more than one per cent of the total power 
indication, which is less than the accuracy 
of the metering circuit. While it is true 
that if the total 3-phase power is meas- 
ured, the sum will be the corona loss, it is 


evident that the corona loss on the indi-» 


vidual conductors could not be measured 
accurately. | 


Test Setup 


In general, two types of tests will be 
conducted on the lines. One group of 
tests will be voltage versus corona test 
loss curves for various conductors, spac- 
ings, and ground wire heights, under vary- 
ing atmospheric conditions and conditions 
conductor surface. The other group will 
be long time tests in which the corona 
losses will be recorded graphically. The 
importance of these tests is discussed in a 
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companion paper.? Figure 2 is a schema- 
tic of the transformer, wattmeter, and 
shielding. There are two phase lines 1.4 
miles long and one 800 feet long. The 
long lines will be used for longtime tests 
for more accurate corona loss curves and 
for radio influence measurements. The 
short line will be used to obtain informa- 
tion on various types of conductors, where 
it is impractical to change the long lines. 

One wattmeter will be used to measure 
the power in each phase of each line so 
that a total of nine wattmeters is re- 
quired. The bus structure is strung with 
2-inch HH conductors. The conductor 
provides a shield for the measuring leads 
which are run inside of it from the instru- 
ment house to the conductors under test. 
The individual leads are each shielded 
with bronze braid to eliminate effects be- 
tween adjacent measuring leads in a bus 
conductor. 

As it is desirable to test several circuits 
simultaneously, the metering equipment 
on each phase consists of the following: 
one voltmeter to indicate metering wind- 
ing voltage, three ammeters to indicate 
individual line charging currents, three 
current balance transmitters together 
with three milliammeters to indicate 
power loss, and two slow speed (3 inches 
per hour) and one high speed (90 inches 
per hour) graphic milliammeters to 
record the corona loss. The range of the 
wattmeters is from 100 watts to 60 kw per 
phase. The instruments and auxiliary 
equipment used in measuring the corona 
loss on one phase are shown in Figures 4, 
5, and 6. 

Three single-phase 1,667-kva_ trans- 
formers will be used to supply power to 
the lines. These transformers are rated 
at 69 kv delta to 500 kv Y. Taps are 
provided so that line-to-line voltages 
from 264.5 kv to 500 kv may be obtained 
in 24 steps. A companion paper® de- 
scribes the transformers in detail. 

The transformers have two tertiary 
windings for voltage measurement. 
Graphic voltmeters for the determination 
of the line-to-line voltage are connected to 
these windings. The voltmeters are 
located in the observation booth. 

As shown in Figure 2, at the point 
where the metering leads are connected to 
the test lines, a radio trap has been in- 
stalled to prevent the transfer of radio 
noise from one line to another and to pre- 


vent noise generated by the source and bus 


Figure 2. Schematic drawing of transformer 


and shielding 
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_ structure from being propagated along 


the lines. The radio traps are tuned to 
maximum impedance in the broadcast 
band. 

The observation booth is located in the 
bus structure steel at the same height as 


the instruments and at a distance of 
about 60 feet. All operations of the 
instrument circuit will be controlled from 
this point. The indivdual indicating 
instruments are read through a 45-power 
telescope mounted in the observation 
booth. 

Atmospheric conditions have a marked 
effect on corona, and their measurement 
in these tests is of prime importance. 
There are installed at the test site graphic 
meters of conventional type for recording 
temperature, barometric pressure, and 
humidity. In addition to these meters 
there are now in the process of develop- 
ment a rate of precipitation meter and a 
means ‘of measuring the electrostatic 
potential gradient in air. It is expected 
to have these instruments available in the 
near future. 

As the instrument houses are some 40 
feet above ground, a movable platform 
is provided to permit servicing the instru- 
ments, changing charts on the graphic 
instruments, and making adjustments. 
The top platform of the movable steel 
tower is mounted on rollers so that it can 
be extended to a position from which all 
parts of the instrument box can be 
reached. 

Two Ferris radio noise and field 
strength meters, model 32-A, will be used 
to make radio influence measurements. 
Both meters are arranged so that they can 
be used either as portable instruments or 
as recording instruments. One instru- 
ment will be used to measure radio influ- 
ence at various points along the line, and 
at points laterally from it. The other 
will be used to record radio influence at a 
particular point for a long period. Both 
meters are equipped with electrostatic 
and electromagnetic antennas. 

It is planned to apply radio frequency 
signals of known voltages to the lines and 
to make measurements at various points 
so that the coupling between conductors 
and the noise meters can be determined. 
Point source noise generators will be used 
to study the propagation of noise along 
the line. 


Metering Circuit 


In order to make a wattmeter read cor- 
rectly, two things are necessary. A cur- 
rent through the current coil of correct 
phase and magnitude, and a current 
through the voltage coil of correct phase 
and magnitude. The first requirement 
is satisfied simply by passing the line cur- 
rent through the current coil of the watt- 
meter, so mo errors can be introduced 
from this source. The second require- 
ment is much more difficult to achieve. 


As mentioned previously, a small error 
in the phase of the voltage coil current 
will introduce very serious errors, far out 
of proportion to the magnitude of the 
phase error. If the wattmeter were con- 
nected directly to the metering winding 
of the transformer, the error in the phase 
of the current through the voltage coil 
would be the sum of the phase angles due 
to phase shift in the high-voltage wind- 
ing, phase shift in the metering winding, 
and the series inductive reactance in the 
voltage coil circuit. The phase shift in 
the low-voltage winding does not enter 
the problem, because its phase shift can- 
not affect the relative phase position be- 
tween the high-voltage winding and the 
metering winding. Ig 

The induced voltages in the windings 
are in phase because the same flux links 


flux in the transformer is only to cause & 


negligibly small magnitude error. ‘The 
portion of the circuit at A, Figure 6, adds 
a voltage to the metering winding ter- 
minal voltage equal to the voltage drop 
in the metering winding. The voltage to 
the right of A on the conductor carrying 
current J, is in phase with the induced 
voltage in the metering winding. The 
circuit at B subtracts a voltage propor- 
tional to the voltage drop in the high- 
voltage winding. The circuit at C cor- 
rects for the phase shift due to the induc- 
tive reactance in the voltage coil circuit. 
The circuit at D is for power transfer 
compensation and will be discussed later. 

A detailed analysis of the metering 
circuit now will be made. Let: 


Iy =voltage coil current 
Iy=current taken by auxiliary equipment 
Ip=power transfer current . 


Figure 3. Front view 
of instrument house 


47 


I,=line current or high-voltage-winding 
current 

Ey =terminal voltage of metering winding 

Ei;m =induced voltage of winding 

EH, =terminal voltage of high-voltage wind- 
ing 

E,;, =induced voltage of high-voltage wind- 
ing 

Zy=Mmetering winding actual impedance 

Zu’ =metering winding compensating im- 
pedance 

Z, = high-voltage winding actual impedance 

Z,' =high-voltage winding compensating 
impedance 

Ey =voltage across wattmeter 

Zy =impedance of voltage coil 


The symbol (’) is used to denote the second- 
ary current of the 1:1 transformers. 


The power transformer was tested as 
a 3-winding transformer. The actual 
values of the metering winding and the 
high-voltage winding impedances were 
determined. The impedance Zy of the 
metering winding is constant under all 
transformer tap combinations. The im- 
pedance Z,’ has been set equal to Zy. 
The actual impedance of the high-voltage 
winding changes. almost directly with 
high-voltage taps since the percentage 
change is small. The ratio of the meter- 
ing winding voltage Ey, to the high-volt- 
age winding voltage also changes with 
the high-voltage tap. 

The impedance Z,’ is set-so that 

[ae Eu 
Zi, =F 


L 


ZL 


Since Z, is closely proportional to E;, a 
constant value for Z,’ can be used. 

The current transformers in the circuit 
are all 1:1 transformers. The impedances 
of the transformers may be neglected, 
except in the power transfer circuit 


(shown at D). The phase shift through 
these transformers is very small and in all 
cases may be neglected without error. 

The circuit is connected so that the 
current directions are as indicated in 
Figure 6. Writing Kirchoff’s voltage 
law around the loop through which the 
current I, flows, the following equation is 
obtained. 


Ery— Uutle+tiy)Zu—-Udy- 


Ip! —Ty Ze’ — Uy +112,’ — 
Iy(Z,.) -IyZy =0 (1) 


Since Zy = Z,’, and all transformers are 
1:1, this simplifies to 


Breads, Zi ly 22 +e 
Zo+Zy)=0 (2) 


The terms (2Zy’+Z,'+Zy) may be 
lumped as one impedance of R’+7 X’ 


RX? , Re? Xe 


REX? 7 REX? . 
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R, has been adjusted so that 
pete 


=X’ in magnitude 
R2+X2 8 


Substituting in equation 2 


Rox? 
Epy 12, —Ty Rha P= 0 “ 
Im—1L41, ( SS) (4) 


Solving for I, 


og Boy E25: 
R'4 RX ¢# (5) 
1G pais Pe x 
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The terminal voltage of the transformer 
high-voltage winding is 


Fy, =£y,—T1Z, (6) 


The wattmeter readings will be multiplied 
by the ratio H,+E,, so the voltage which 
should be applied to the wattmeter is 


E 
Eyw= =a (En 127) (7) 
L, 


By substitution 
Ew=E;y—1zZ1’ | (8) 


By comparison with equation 5, it will 
be seen that the current through the watt- 
meter is in the correct phase position. 
The resistor Ry is adjusted so that the 
term 


RX? 
R44 — 
Tee +X? 


has the correct magnitude. 

The part of the circuit at D is included 
to compensate for power transfer. The 
test line is of flat configuration, hence 
there is power transfer between outside 
phases. This part of the circuit is 
omitted on the middle phase, as the line 
is symmetrical about the middle phase 
and therefore it has no power transfer. 


Figure 4. Wiew of instrument house with 
cover removed 


Briefly this circuit works in the follow- 
ing manner. Since there is power trans- 
fer from one outside phase to the other, 
then the line charging current consists of a 
real and reactive term ([p+j Ixy) where 
Iz is the in-phase power transfer current 
and jl, is the phase capacitive charging 
cirrent. -The ‘circuit. at'D provides a 
means of shunting J, around the watt- 


meter and hence the only in-phase com- 


ponent of current which passes through 
the current coil is that due to the corona 
power loss. 

The resistor R, is very large in com- 
parison with the impedance of the cur- 
rent coil. However, the impedance of the 
transformer is appreciable with the result 
that the current J, is not in phase with 
E,. The phase angle between E, and 
Em 1s only a matter of minutes and may 
be neglected. The angle between J, and 
Ey, may be as large as 1.7 degrees. The 
current J, with respect to E,is U7, + jI,). 
Since the angle is so small I, is essentially 
equal to Jp and jI, has no effect on the 
indication of the wattmeter. Therefore 
I, and I,’ may be considered equal to Ip 
with negligible error. Ifthe current Jp’ is 
equal to J, and 180 degrees out of phase 
then the current through the current coil 
of the wattmeter becomes ([p+/7 Ixy) —Ip’ 
or simply j/y—the .capacitive charging 
current to theline. If there is any corona 
loss, the in-phase component of the line 
current will increase. The increase in 
phase current will flow through the watt- 
meter giving an indication of the corona 
loss. 
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Adjustment and Checking of Circuit 


The theoretically correct values for all 
impedances have been calculated care- 
fully and these values have been set in the 
circuit. The voltage of the transformer 
will be varied from minimum to maxi- 
mum voltage possible without the pres- 
ence of corona. ‘The presence or absence 
of corona will be determined by a radio 
influence meter. During this change in 
voltage, the wattmeters should indicate 
only the insulator leakage losses. If the 
wattmeters read the insulator losses as 
determined by a separate means, over a 
wide range of voltage, it is felt that the 
circuit will measure corona loss accu- 
rately. Fullscale of the wattmeter, when 
set at its most sensitive setting, is only 
600 watts per phase. Thus a phase error 
corresponding to an apparent power of 
only 20 watts may be detected. It is not 
expected that the circuit can be adjusted 
to this accuracy, but it shows no serious 
errors can be present in the circuit, with- 
out the experimenter being able to detect 
them. 


It would be possible to make the watt- 
meter read the insulator losses by only 
adjusting one part of the circuit for a 
particular voltage. However, since the 
effect of the individual compensating cir- 
cuits is different for changes in conditions, 
and because the circuits do not change in 
the same manner, the wattmeter would 
give the correct indication only at the 
voltage selected. In order for the watt- 
meter to give the correct indication from 
minimum voltage to maximum voltage 
without corona, the circuits all must be 
adjusted correctly. 


Figure 5. View of instrumentation with front 
rows of instruments removed 


Possible Errors 


Although considerable effort has been 
expended in order to make the metering 
circuit of the Tidd 500-kv test line as free 
from errors as possible, there are still 
possible errors in the circuit which should 
be discussed. 

It is believed that the circuit is rela- 
tively free from errors due to harmonics. 
There are three sources of harmonics. 
which may affect the metering circuit. 
These are 


1. Harmonics generated by the source. 


2. Harmonics taken by auxiliary equip- 
ment in metering circuit. 


3. Harmonics generated by the corona loss. 


It is believed that only the lower order 
harmonics, within.the range in which the 
transformers still act as transformers, are 
important. The magnitudes of the cur- 
rents and voltages of the higher harmonics 
are so low that their products will be 
negligible. | 

Harmonics generated in the source will 
cause no error because the same harmon- 
ics will appear in both the metering wind- 
ing and the high-voltage winding. 

Considerable harmonics will be taken 
by the auxiliary equipment in the meter- 
ing circuit, particularly by the constant 
voltage transformer. The lower order 
harmonics will be reproduced in secondary 
of the current transformer at A, thus 
producing a harmonic voltage drop across 
the impedance Z,,’ equal to the harmonic 
voltage drop in the metering winding. 


Corona is characterized by the presence 
of relatively high levels of harmonic cur- 
rents and voltages. The harmonic cur- 
rents will cause a drop in the high-voltage 
winding, and a corresponding drop in the 
impedance at B. The harmonic voltages 
will be present in the flux linking the 
high-voltage winding. Since this flux 
also links the metering winding, the har- 
monic voltages will appear in the ter- 
minal voltage of the metering winding. 

Corona has some tendency to act as a 
rectifier, resulting in a sinall amount of 
direct current in the high-voltage wind- 
ing. This distorts the output voltage of 
both the metering winding and the high- 
voltage winding to the same extent. 

The insulators themselves will have 
losses comparable at least to the lower 
order of corona loss. Little information 
is available on insulator losses, and in- 
deed, because of its variable nature, little 
would be of any use if it were available. 
The losses will be mainly creepage across 
the surface of the insulators. Some 
investigation!® has shown considerable 
variation in insulator loss with humidity. 

The presence of unknown and unpre- 
dictable insulator losses, although pos- 
sibly not serious, does present the experi- 
menter with a problem especially when 
measuring Jow corona losses. For this 
reason, one of the authors now is develop- 
ing a means whereby the loss may be 
measured continuously. It is contem- 
plated that a number of insulator strings 
will be used as samples. 

Errors can be introduced if a marked 
difference in temperature exists between 
the transformer windings and the com- 
pensation impedances. This error can 
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be mitigated largely by setting the resis- 
tors so that they have the correct values 


at the average temperature expected. 


The temperature inside the instrument 
housing can be read by an indicating 
thermometer. The hot-spot tempera- 
ture of the transformer also can he read. 
A measure of control of the temperature 
within the instrument house is given by 
exhaust fans, which are controlled from 
the observation booth. If serious tem- 
perature differences exist between the 
compensation impedances and_ the 
transformer, a simple calculation can 
be made to correct for this error. This is 
also true of the power transfer compensa- 
tion resistors. 


Auxiliary Equipment — 


Tests on conductors will be conducted 
over a period of several months. During 
this time the corona loss will vary from 
0.5 to 1 kw per phase to perhaps 50 times 
this value. This indicated the need for 
a means whereby the sensitivity of the 
wattmeters could be changed without 
interrupting the tests. 

A supervisory relay control circuit is 
provided so that the wattmeter sensitiv- 
ity may be changed. The supervisory 
relays are controlled from the observa- 
tion booth which is located in one of the 
towers of the bus structure at a distance 
of about 65 feet from the instruments. 
An ordinary telephone dial is used to 
pulse a high-speed hydrogen-filled signal 
lamp. The lamp is focused on the photo- 
tube of a ‘‘Photo-troller”’ (a light sensitive 
device) located in the instrument house. 
A contact in the Photo-troller is actuated 
when the incident light on the phototube 
is increased rapidly, and this contact con- 
trols the supervisory relays. The Photo- 
troller is sensitive only to quick changes 
in light, and is not affected by ambient 
light. The circuit is made insensitive to 
stray changes in light (for example, 
lightning flashes) by connecting the super- 
visory relay circuit so that it will reset 
itself if five or less pulses are received. 
All operations controlled by the relays 
are performed by dialing two numbers of 
which the first must be 6, 7, 8, or 9. 
There are three signal lamps so that each 
phase may be controlled separately or all 
three operated together. 

In addition to changing taps on the 
wattmeter the supervisory relays are set 
up to turn the indicating instruments’ 
illumination lights off and on, to turn the 
exhaust fan off and on, to either eliminate 
or reverse the voltage across the compen- 
sating impedances Z,,’ and Z;,’ to ap- 
ply voltage to the semiconducting glass 
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doors, to change the power transfer 
compensating resistors with high-voltage 
tap changes, and to turn the high speed 
recording milliammeter on and off. Two 
spare relays are provided which will be 
used to control an oscillograph, when it is 
desired to record the current wave shape. 
Indicating lights are provided to show 
which wattmeter tap and which power 
transfer resistor is in use. 

Each indicating instrument is pro- 
vided with two 6-watt 115-volt lamps 
mounted on the case of the instrument. 
A reflector is arranged so that the observer 
cannot see the lights, and so that their 
light is reflected on the dials of the instru- 
ments. 

The high speed recording milliammeter 
is used to record rapidly changing losses, 
such as would occur during a thunder- 
storm. 

The glass used in the sliding doors in 
front of the instrument house has a 
conducting film on the inside surface. 
The glass, is insulated from the metal 
frame. The resistance of each pane of 
glass is about 200 ohms. These doors 
serve a double purpose. Normally they 
serve to complete the electrostatic shield 
around the meters. In event that frost 
or moisture collects on the doors, then 
voltage can be applied, and the resulting 
heat will dissipate it. 

Being able to eliminate or reverse the 
voltage across the compensation imped- 
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Figure 6. Schematic of metering circuit for 
one line of one phase 


ances Z,’ and Z,’ enables the operator 
to determine the correction voltages which 
they insert in the circuit. 

The meters are protected so that abnor- 
mal conditions will not damage them. A 
time delay relay is uséd so that when the 
line is energized the surge current will 
not pass through the meters. The cir- 
cuit is opened to both the current coils 
and voltage coils of the wattmeters, and 
current coils are shunted, when the line is 
energized. The time delay relay has 
been set at about 40 seconds. This 
allows time for the individual power sup- 
ply of the wattmeters and for the Photo- 
troller to warm up. 

If a lightning surge voltage passes 
through the high-voltage winding a por- 
tion of the voltage will appear across the 
metering winding. Surge voltage pro- 
tection for the meters is provided by a 
small lightning arrester. 


Conclusions 


The authors have described a method 
of measuring corona loss. The method 
presented is apparently the most flexible 
and most accurate method which hereto- 
fore has been used. When properly ad- 
justed this method should give accurate 
readings at extremely low power factors. 
Provision is made to measure corona loss, 
associated radio influence, and atmos- 
pheric conditions. 
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